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1.1. Forced Convection Mass Transfer 
Mass transfer can occur in molecular or convective mode. Convective 
mass transfer, in which transfer depends both on the transport properties and 
on the dynamic characteristics of the flowing fluid, falls into two categories; 
 
forced convection and natural convection. In forced convection the fluid 
motion is due to an external cause whereas in natural convection it is due to 
density difference brought about by the transfer itself. Either of these (or both 
together) may occur in various practical situations. 
This literature survey deals only with the forced convection mass (or 
heat) transfer processes in which transfer occurs between a solid flat surface 
and a jet of fluid impinging normally on it. The jet is formed when a fluid is 
discharged from a nozzle, orifice or slot. 
The flow field of an impinging let on a flat surface can be separated 
into free jet stagnation and wall jet regions (ii. shown in Fig.1.1. The free jet 
region is the region of the jet prior to impingement where the jet may be 
developing or have a fully-developed velocity profile. According to 
experimental measurements the free let region of an impinging circular jet 
extends to a distance of roughly 1.2 nozzle diametres from the impacted 
surface [21. 
The free jet may also be considered to be formed of two subregions; 
from nozzle exit to apex of the potential core (31 extending to a few nozzle 
diameters, where velocity profile is preserved, and that beyond apex of the 
potential core, where the axial jet velocity dissipates as the let spreads 
outwards. Variation of let velocity and jet width with axial distance for both 
9 	
11 
laminar and turbulent jets is given by Schlichting [4]. In the stagantion region 
the impingement region interacts with the deflected flow resulting in a large 
pressure gradient and shear stress and in consequence large transfer rates. 
After impingement the flow deflects and spreads in the radial direction forming 
the wall jet region. 
Transport of momentum, mass and/or heat from the fluid to the solid 
surface or vice versa at the stagnation and wall jet regions takes place through 
the respective momentum, concentration and temperature boundary layers 
formed in the immediate neighbourhood of the solid surface. The main 
resistance to transport of these quantities is confined to within their respective 
thin boundary layers consequently allowing such transport problems to be 
treated by the boundary layer concept. 
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1.2. The Boundary Layer Concept 
The boundary layer concept was developed by Prandtl [4] to allow 
important and justifiable simplification of existing Navier-Stokes equations of 
motion of a fluid of low viscosity so that high Reynolds number viscous flow 
problems can be treated analytically. The simplified equations, known as 
boundary layer equations, were obtained by limiting the effects of fluid friction 
at high Reynolds number to within the boundary layer region. 
Thus presence of momentum, concentration and temperature gradients 
is limited to the region confined by their respective boundary layers, with 
velocity gradient being a maximum at the solid surface, a result of the no slip 
condition, and zero in the main potential (inviscid) flow region just outside the 
boundary layer. Furthermore there is no significant pressure gradient across 
the boundary layer, which means that pressure in the boundary layer is the 
same as the pressure in the potential flow outside the boundary layer. Thus the 
pressure may be obtained either from potential flow theory. i.e. Bernoulli's 
equation [41 or experimentally. Velocity, concentration and temperature profiles 
can be determined from the solutions of the boundary layer equations. 
According to the laminar boundary layer in the stagnation region of a let 
impinging on a surface the velocity on the outer edge of the boundary layer is 
given by; 
U = c r (or c x) 
However, when the distance between a nozzle from which the jet emits and the 
surface on which it impinges exceeds the potential core region, a turbulent 
shearing effect or mixing effect will appear. This effect makes it difficult to 
decide "c" theoretically. In such circumstances "c" is an experimetnal constant 
and it is decided by the velocity profile in the boundary layer around the 
stagnation point. 
Fig 1.2 illustrates the development of the boundary layer from the 
leading edge of a flat plate parallel to the flow direction. The boundary layer 
thickness, 6b' which may be regarded arbitrarily as the distance from the solid 
surface where velocity reaches 99% of the main flow velocity, increases initially 
with distance x from the leading edge in proportion to x 112 
 [4]. At relatively 
small x flow within the boundary layer is laminar, and this is designated as the 
laminar boundary layer region. At greater distances from the leading edge the 
transition region is shown apppears, where fluctuations between laminar and 
turbulent flow occur within the boundary layer. Finally for a certain value of x, 
and above, the stable state of the boundary layer will always be turbulent, 
corresponding to a critical local Reynolds number of ReVpxIU > 3.5 10 to 
10 [4]. Transition is a complex phenomenon caused by flow disturbance due 
to surface roughness and/or irregularity in the external flow. When such 
disturbances to flow increase with time the flow becomes unstable and 
eventually turbulent. 
In the turbulent region of the boundary layer there exists, (a) A very 
thin film of fluid called the laminar or viscous sublayer, wherein flow is still 
predominantly laminar and controlled by molecular viscosity with large velocity 
gradients; (b) A turbulent layer where the transport mechanism is by means of 
eddy transfer. In between these there is a buffer zone in which parallel 
mechanisms of molecular diffusion and eddy transfer of comparable magnitude 
exist. 
Under extreme conditions with an adverse pressure gradient the 
velocity profile may become distorted resulting in separation of flow [51 or 
boundary-layer separation (4]. Since such a perturbed profile is inherently 
unstable, transition to turbulent flow in the boundary layer frequently takes 
place before separation can occur. According to classical boundary layer 
theory, separation does not normally occur in a flow parallel to a flat surface 
[4L but it has been reported to exist in the flow over a flat surface due to an 
impinging array of slot jets 161. 
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A detailed discussion of laminar and turbulent boundary layers, 
including the flow separation phenomenon, is given by Schlichting (41, including 
boundary layer equations for steady and unsteady two and three dimensional 
flows in a variety of practical situations. Here discussion is limited to laminar 
boundary layer equations for three dimensional axisymmetric flows. 
1.3. Axisymmetnc Laminar Boundary layer Equations -  With Mass Transfer 
Prandtl's TT 	ITIIIT) boundary layer equations for continuity, 
momentum transfer and mass diffusion for an axisymmetric incompressible 
flow may be solved in cylindrical coordinates to predict mass transfer rates at 
any region of the flow field of an axisymmetric jet impinging on a flat surface. 
TiiIiII 
Y titt 	 D equation of continuity for the incompressible 
fluid in steady state in cylindrical coordinates can be obtained from the 
reduced form of the complete equation given on page 83 of reference [71; 
hr 3(ru)/8r + av/az = 0 
	 (1.1) 
equations of motion in terms of velocity gradient 
for an i:ncompressible fluid in steady state in cylindrical coordinates 
ignoring 
the effects of gravitational forces can be obtained from 
the reduced form of 
the complete equation given on page 85 of reference (71; 
u au/ar 	 = -1/p 3p/3r + v [3/r(1/r 3(ru)/3r}1 	
(1.2) 
The 	- 	.i...3equation of diffusion for a component of a binary 
mixture in incompressible fluid in steady state in the absence of chemical 
reactions can be obtained in cylindrical coordinates from the reduced form of 
the complete equation given on page 559 of reference [71; 
u aC/ar v ac/az 
3 
Blur 3/3r (r 3C/3r) + 1r 2 32c/a2z] 	
(1.3) 
The boundary conditions for the stagnation point would be; 
z0 ; uv0,C=C(r,0) 
u.UM,u/3Z+O ,C.C(r,) 	
(1.4) 
where U IS the velocity component in radial r-direction; UM is the characteristic 
velocity at edge of boundary layer; v is the velocity component in traverse 
z-direction; C is the concentration of diffusing material and V is the diffusion 
coefficient in the two component system. - 
For the wall jet region the boundary conditions would be the same as 
above except that as z -. , u - 0 . Exact or approximate solutions of the 
continuity and momentum equations may be obtained by various methods 
given by Schlichting (4]. Exact and approximate solutions of the diffusion 
equation can be found in the literature to predict mass transfer coefficients in 
the impinging region (8, 91 and wall jet region[10,1 1]. 
Scholtz and Tress (101 have indicated that in certain circumstances 
where a 'starting length' is present the momentum and concentration boundary 
layers have different starting points and they are not therefore, coincident. That 
is to say that unlike the momentum boundary layer, which begins to develop at 
the point of incidence or jet impingement at the surface, the concentration 
boundary layer may begin to develop at a point away from the point of 
incidence depending whether a 'starting length' is present In our swollen 
polymer mass transfer system, initially the two boundary layers begin to 
develop simultaneously at the point of impingement; but it is possible that as 
mass transfer proceeds and the swollen coating used begins to become 
depleted of swelling agent at the region of highest transfer rate (the stagnation 
point), the origin of the concentration boundary layer shifts in the radial 
direction away from its initial position. Questions of the effect of coating 
depletion on reduction of mass transfer rate are dealt with in detail in section 
(1.6.2). 
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Equations (1.1). (1.2) and (1.3) also form the basis of turbulent 
boundary layer equations, which are encountered in most flow situations in 
practice. In the turbulent boundary layer flows the velocity components in the 
laminar boundary layer equations are replaced by the respective rime-averaged 
velocities and an eddy viscosity term is added to the right hand side of the 
momentum equation. A survey of theoretical (and experimental) heat and mass 
transfer works concerning submerged impinging lets is given in Chapter Two. 
1.4. Mass Transfer Between a Swollen Polymer Coated Flat Plate and an 
Impinging Air-jet 
In the present research work mass transfer occurs between a flat plate 
coated with an involatile polymer capable of absorbing a suitable swelling 
agent and an impinging isothermal jet of air. When the swollen polymer is 
subjected to a normally impinging air-jet a concentration boundary layer 
develops, across which mass flux takes place by diffusion. The rate of mass 
flux by diffusion for a two-component system is given by; 
I = - D( dc/d-4 
	 (1.5) 
Where j is the mass flux, 0 is the diffusion coefficient and dc/dz is the 
concentration gradient at the wall. 
The above equation requires knowledge of the diffusion coefficient of 
the swelling agent into the air stream and concentration profiles over the 
surface in order to determine local mass flux. Concentration profiles can in 
principle be calculated from solutions of the boundary layer equations; but in 
many cases of engineering interest such solutions cannot readily be obtained. 
Mass flux must then be determined experimentally. In the present work local 
mass flux is measured holographically and the corresponding local mass 
transfer coefficient defined below is then determined. 
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1.4. 1. Mass Transfer Coefficient 
Mass transfer coefficient is defined by the equation 
j=k(CS-Cb) 	
(1.6) 
Where k is the mass transfer coefficient, C is the concentration at the surface 
and C 1, is the concentration in 	the fluid 	bulk. 	"k" is 
a measure of speed of 
mass 	transfer by 	molecular or 	turbulent 	diffusion 
across 	the developing 
concentration boundary layer into the convective fluid stream. As the boundary 
layer thickness changes over the transferring surface, mass flux, j, will change 
from point to point. Likewise mass transfer coefficients will vary with variations 
in the concentration boundary layer thickness, even where the concentration 
difference driving force remains effectively unchanged over the surface. 
Having determined the local mass transfer coefficient at any point on 
the mass transferring surface from local mass flux measurements using eq.(1.6), 
it can be preSented in dimensionless form by; 
Sb = Ic dID 
	 (1.7) 
Where Sb is known as the Sherwood Number (12] and d is a characteristic 
dimension of the flow system; in the present case, the nozzle diameter. 
1.4.2. System Variables in Mass Transfer 
Mass transfer from the flat surface into the impinging jet is influenced 
by transport variables such as mass flow rate, diffusion coefficient, and 
geometrical variables such as shape, size and position of the nozzle relative to 
the surface. It can, therefore, be said that mass transfer coefficient is a 
function of the following variables; 
k 	f1(CL p, p, a d, z, r, 5) 
	 (1.8) 
Where Q. jet flow, rate; p, fluid density; p, fluid viscosity; D diffusion 
coefficient; ci, is nozzle diameter; r is radial distance from the stagnation point; 
and z, axial distance between nozzle and surface are dimensional variables. S 
represents the dimensionless shape factors characterising the shape of the 
11. 
nozzle used. 
Dimensional analysis and Buckingham's if theorem [51 can be used to 
express the above relation in dimensionless form; 
Sh = $(Re, Sc, z/d, rid, 5) 
 
The above expression does not imply that Sh can be expressed by the product 
of ByE individual separable functions each involving a dimensionless variable. 
Thus, Sh might vary with one of the dimensionless variables according to a 
power law for which the index contains another. It is, however, acceptable for 
the sake of simplicity to assume in the first place that Sh depends on 
separable power law functions; 
Sh = a Re" S c C (zid) ° (rid) 	
(1.10) 
Where Sh is the Sherwood Number, Re is the Reynolds Number, Sc is the 
Schmidt Number, z/d is the dimensionless nozzle-to-plate spacing and rid is 
the dimensionless distance of a point on the surface from the stagnation point. 
Presentation of transfer coefficients in dimensionless form allows convenient 
comparison of results between similar systems. 
The constants b=1/2 (41 and c=0.361 (81 according to laminar boundary 
layer theory at the stagnation region. At the wall-jet region c= 1/3 and b3/4 
(101. For nonlaminar boundary layer conditions 'b' has been experimentally 
found to be 3/4 for the stagnation point [131. 'e' is found to be an indication of 
the effect of z/d on transfer rate and should be determined 
experimentally-for a 
system. The effect of turbulence on the stagnati0n point transfer rate can also 
be related to z/d (9]. f0 for the stagnation point and it is around 
-5i4 and -1 
for the laminar (10] and turbulent (11] wall-jet regions respectively. For the 
transition region of a laminar jet fr-0.86 [81. 'a' is a constant of proportionality, 
which may be dependent on the velocity profile of the impinging jet, turbulence 
effects and may be related to the shape factor, S. It may be different in various 
regions of flow field of the jet. 
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1.5. HEAT AND MASS TRANSFER ANALOGY 
Two geomterically and dynamically similar heat and mass transfer 
systems with analogous boundary conditions have similar dimensionless 
temperature and concentration profiles [7]: It follows that expression (1.9) may 
be derived from a similar expression for the analogue heat transfer system; 
Nu = f 2 (Re, Pr, zid, rid, S) (1.11)  
The above analogy permits one to derive mass transfer correlations from heat 
transfer correlations for equivalent boundary conditions by substituting Sh for 
Nu and Sc for Pr. Where Nu is the Nusselt number. Pr is the Prandtl number. 
For the above analogy to hold a number of assumptions are made, the 
most important ones being (71 (a) physical properties of the transferring fluid 
and the transferred material are constant. (b) Mass transfer rate is small. 
In terms of Chilton and Colburn analogy [141 we have; 
jH = j 0  = f3(Reynolds number, 
Geometry and Boundary conditions) 
IN = ( h/UpC ) pr3 	
(1.12) 
lo (k/U ) Sc213 (1.13) 
where iH and j o 
 are heat and mass transfer j-factors developed by Chilton and 
Colburn. Thus one unknown averaged or local transfer coefficient can be 
obtained from measurements of another. The above equation is valid for gases 
and liquids within the range 0.6<Sc<2,500 and 0.6<Pr< 100. 
Use of a mass transfer analogue model instead of a heat transfer 
model to determine heat transfer coefficients can, if the analogy is reliable and 
the mass transfer measurements are accurate, be advantageous because; 
in the heat transfer system the spatial resolution in the 
measurement of local heat transfer coefficients is limited by the 
lateral 	locations of the temperature probes such as 
thermocouples, which are commonly used in heat transfer 
studies. 
construction of large scale heat transfer systems of complicated 
geometry is difficult, costly and inconvenient particularly at high 
temperatures and 
extraneous heat losses associated with the required temperature 
and heat-flux probes and presence of secondary thermal effects 
15 
e.g. conduction, can result in large systematic errors in direct 
heat transfer measurements. 
In the present work local mass transfer j-factors obtained from 
holographic measurements of mass transfer coefficients are compared with 
local heat transfer j-factors based on, direct thermal measurements reported in 
literature for geometrically and dynamically similar systems. 	Such a 
comparison should show whether the present holographic method of mass 
transfer measurement can be used to derive heat transfer correlations. 
1.6. Methods of Determination of Local Mass Transfer Coefficients 
This section of the literature survey deals with methods of mass 
transfer rate measurements developed since 1950s and in particular those used 
in 1970s and SOs. An account of earlier methods is given by Kapur 1151. 
Cold analogue methods employed for determination of mass transfer 
coefficients can be categorised as follows; 
i. Solid-Sublimation Method 
Swollen Polymer Method 
Electrochemical Method 
The first two methods, which are based on similar principles are discussed 
below. The electrochemical method, also called the limiting-current method 
[161, is based on ion migration through an electrolyte and its deposition at the 
anode. From knowledge of current density and bulk concentration of the 
solution mass transfer coefficient can be determined. 
As the electrolyte is liquid of high Schmidt number, use of this 
method is therefore limited in that, in principle, mass transfer data obtained by 
this method cannot be compared directly with those for low Schmidt or Prandtl 
number fluids obtained by other methods. Basic theory of the electrochemical 
method and a literature survey can be found in 1161. Some references to recent 
works in which this method has been employed, are given in [171. 
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1.6.1. Solid-sublimation Method 
A conventional means of measuring mass transfer coefficients is 
based on mechanical measurements of the recessions created on a subliming 
coating of a volatile solid under the influence of a fluid stream. 
Sublimation of naphthalene has for long and frequently been used as a 
mass transfer measuring method (8,9,18,191 because of its simplicity in 
comparison to the usual heat transfer methods. Camphor and Thymol (20], 
acenaphthene [21] and camphene [221 have also been used as suitably volatile 
materials for mass transfer studies. However absence of accurate vapour 
pressure data for acenaphthene at the time restricted the use of the 
experimental data obtained (21]. 
The sublimation rate of the volatile solid into a gas stream is 
controlled by its vapour pressure and the convective process. In an experiment 
the solid material is usually cast in a mould so it will have the required shape. 
For average or total measurements on a surface, the solid section can be 
weighed before and after exposure to a gas stream (usually air) to determine 
the sublimation rate. Once the vapour pressure of the volatile solid at the 
controlled-isothermal conditions is known, the mass transfer coefficient can be 
determined. Local mass transfer coefficients are determined from profilometric 
measurements of the change in the solid thickness from the change in the 
surface profile at the end of each test run. Despite the simplicity of the 
method, there are some important disadvantages such as; 
The degree of accuracy cannot be very great when a mechanical 
or direct contact method of measurement is used. accuracy is 
improved when a non-mechanical method of measurement is 
used [19]. 
For each experiment, the test surface needs to be reconstructed 
which is troublesome and time-consuming where a wide range 
of flow situations is to be examined for a fixed geometry. 
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1.6.2. Swollen Polymer Method 
The swollen polymer method has been developed by Macleod and 
Todd [23] as an alternative method for mass transfer studies, in which a 
plasticised polymer coating is employed. The governing principle of the 
method was developed on the basis of the theoretical analysis of 
Flory-Huggins [241 for weakly •  cross-linked rubbers and tested for a natural 
latex rubber swollen with an ester i.e. methyl salicylate. Further work on the 
latter was carried out by Kapur (151, who found silicone rubbers to be more 
suitable than other types for the swollen polymer method. Silicone rubbers can 
be easily applied to the test surface with excellent adhesion to metal 
substrates resulting in smooth and uniform coating. In addition ethyl salicylate 
was found to have more favourable physical properties than methyl salicylate 
for mass transfer experiments 
The coating used in the present work is an involatile silicone rubber 
polymer with elastomeric properties capable of swelling in a suitably volatile 
swelling agent. Exposure to an experimental fluid stream of known physical 
properties results in transfer of the swelling agent, accompanied by a reduction 
in the thickness of the coating. Proper experimental conditions sustain a linear 
relationship between the mass of the swelling agent transferred and the 
reduction in the polymer thickness during the transfer process. 
Advantages of this method over the solid-sublimation method are as 
follows; 
the polymer coating is permanent and reusable. At the and of 
each experiment the polymer coating can be re-activated for the 
next experiment by a period of immersion in the swelling agent. 
Effect of Schmidt number in forced convection can in principle be 
investigated by simply changing the swelling agent instead of the 
experimental fluid. 
Large class of convective heat transfer situations involving heat 
exchange between heating and cooling surfaces can be 
accurately modelled with a polymer/swelling agent mass transfer 
analogue. A pre-swollen polymer coating subjected to a mass 
transfer fluid depicts a fluid heating process and an unswoilen 
polymer immersed in a fluid mixture containing swelling agent 
16 
represents a cooling process. 
The criterion for validity and 	applicability of this method is 
that the 
rate 	of 	recession 	of polymer surface 	is 	everywhere 
proportional to the 
fluid-side film mass transfer coefficient. This criterion can be satisfied under 
proper operating conditions on certain assumptions as follows; 
coating thickness change due to mass transfer is proportional to 
mass of swelling agent transfered per unit area of surface all 
over the polymer surface even though there may be inequalities 
in the original coating thickness. 
The overall resistance to mass transfer is predominantly in the 
gas phase and lateral diffusion or differential stress effects do 
not affect behaviour of the coating at any one point. 
Vapour pressure of the swelling agent remains constant at a 
fixed temperature and it is invariant with time and location on 
the polymer surface during the mass transfer process. 
Condition (1) can in general be satisfied by a swollen p
o lymer/swelling 
agent system. The decay of the swelling agent concentration at the swollen 
polymer surface is controlled by the diffusion of the swelling agent from 
interior of the coating to the surface. Condition (2) would, therefore, be 
satisfied if diffusivity within the polymer were infinitely large. For a finite 
diffusivity, however, the real case, violation of condition (2) would depend on 
how fast is the decay of the concentration at the surface. The speed of the 
surface concentration decay would, in turn, depend on the speed and 
temperature of the transferring fluid. For an isothermal transferring fluid (air in 
our case), speed of fluid would alone determine how fast concentration decay 
at the surface would occur. 
Application of the phase rule to the swollen polymer/vapour system 
shows that 
F = C-P+2 
= 2-2+2 
=2 
Thus the system has two degrees of freedom. Temperature composition must 
be fixed in 	order to define the 	system completely. 	
As the latter decreases 
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during mass transfer, the vapour pressure of the swelling agent over the 
swollen polymer surface (the mass trnasfer driving force) and hence the 
observed mass flux will likewise decrease progressively. Furthermore the mass 
flux will fall at different rates over the surface if the mass transfer coefficient 
itself is not uniform. Thus it appears that no swollen polymer/swelling agent 
system will obey condition (3). 
However, for any swollen polymer/swelling agent system there will 
exit a 'constant rate period' following the commencement of convective mass 
transfer, during which the deviation from conditions (2) and (3) may remain 
within some designated non-zero but acceptable limit. A method of selection 
of a suitable polymer/swelling agent and its appropriate operating conditions 
was given by Macleod and Todd (231. For a natural latex coating initially 
swollen with methyl salicylate to equilibrium the maximum allowable 
experimental duration was predicted to be about 40 minutes for a mass 
transfer experiment in which the mass transfer coefficient is about 7.0 cm/s. 
The 'constant rate period' of an experiment performed with this transfer 
coefficient was found to follow the predicted behaviour reasonably well. 
In a recent critical review of the theory involved in the procedure of 
the selection of a suitable polymer/swelling agent system, Macleod (251 
reported greater dependence of the length of 'constant rate period' on the 
volume fraction of the swelling agent in coating swollen to equilibrium than 
previously thought (231. In the light of the new information the following 
equation was reported for a gas-coating interface, which gives the largest 
value of mass transfer coefficient. K that can be determined with acceptable 
precision by any chosen swollen polymer/swelling agent system in an 
experiment of duration t; 
K=(0.34p517dsRT)/(tcOSMP) 	
(1.14) 
 0 1 
Where p 3  is density of pure swelling agent d is volume fraction of swelling 
agent in coating swollen to equilibrium, D is diffusion coefficient of the 
swelling agent within the polymer. t is 'constant rate period'; this cannot be 
less than a certain time interval if it is to be conveniently measured with 
acceptable precision. Values of p, * and B for silicone polymer/ethyl 
salicylate, silicone polymer! 1-methyl naphthalene and silicone 
polymer/n-tetradecane systems  ( hereafter called system SE, 5N 
and ST 
respectively ) used in the present work are given in 41251. Table(M) 
gives values of K for selected values of t. The above equation or table(M) can 
be used to select one of the above polymer/swelling agent systems to 
measure mass transfer coefficients in an experiment, where mass transfer 
coefficients to be measured must be less than the K value of that system. 
Thus for an experiment of 1.5 minute duration, system 5T is suitable to 
measure mass transfer coefficients less than 30.91 cm/s, systems SM and 5N 
are suitable to measure mass transfer coefficients less than 2.82 cm/s and 3.17 
cm/s respectively. 
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Table 	(1.1) Largest measurable mass transfer coefficients 
determined from eq41.14) for system 5t' 
5E and 5N at the selected 
experimental duration, 	for T20.0 C 
t 	(mm) K 	(catls) K 	(crn/S) 
K (cm/s) 
ST SE SN 
1.5 30.91 2.82 3.17 
3.0 21.85 1.99 2.24 
6.0 15.45 1.41 1.59 
12.0 10.93 1.00 1.12 
24.0 7.73 0.71 0.79 
36.0 6.31 0.58 0.65 
60.0 4.89 0.45 0.50 
1.6.3. Vapour Pressure Data 
Accurate knowledge of vapour pressure data of the swelling agents 
under the experimental conditions is of critical importance in making reliable 
absolute measurements of mass transfer rates. 
Ethyl salicylate, to date, has been the most extensively used swelling 
agent for the swollen polymer method because of its suitable physical 
properties and low cost. Kapur and Macleod 1261 measured the vapour pressure 
of ethyl salicylate at near ambient temperatures by a transpiration method. As 
a result the following equation was reported; 
In P(mm Hg) = 20.318 - 6790.7/T(K) 
	 (1.15) 
Where I is temperature in Kelvin at which P. vapour pressure is calculated in 
mm Hg. 
Vapour pressure 	of ethyl 	salicylate was 	
also determined 
holographically (271 from measurements of low mass transfer rates from a flat 
plate to a normally impinging laminar jet of air. The theoretical equation of 
Scholtz and Trass (101; eq.(23) for the wall jet region of the flow field was used 
to determine a set of values of the vapour pressures at around 18-27 °C. The 
agreement between the two sets of vapour pressures determined by two 
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independent methods was within 15%. 
- 	In a more recent project by Paterson et al [281, n-tetradecane and 
1-methyl naphthalene, in addition to ethyl salicylate, were found to be suitable 
for use with the swollen polymer method Vapour pressures of the three 
compounds at temperatures near ambient were measured by a weight - loss 
effusion technique to an accuracy of 2%. The value for the vapour pressure of 
ethyl salicylate was 25% lower than that obtained from eq.(1.15). The validity 
of the new measurements for ethyl salicylate was supported by the consistency 
of mass transfer rates based upon them with those obtained for the same flow 
system using other swelling agents. Moreover, the measurements of Paterson 
et al agree with standard correlations and other reported experimental results 
obtained by different techniques as shown in Appendix (V). Vapour pressure 
correlations for ethyl salicylate, 1-methyl naphthalene and n-tetradecane 
reported by Paterson et al [281 are given in the Appendix (V). 
Paterson and his co-workers' finding means not only that in eq.(1.15) 
is seriously in error, but implies also that the theoretical equation of Scholtz 
and Trass [IOL eq.(2.8), which seems to support the original vapour pressure 
data of eq.(1.15) is likewise incorrect. Clarification of this situation has been 
one of the aims of the present work. 
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Chapter 2. 
PREVIOUS WORK ON HEAT AND MASS TRANSFER 
	
FROM A FLAT SURFACE TO A NORMALLY 	- 
IMPINGING SUBMERGED JET 
Heat and mass transfer to air lets impinging on flat surfaces has been 
of industrial interest in connection, for example, with the cooling of rolled sheet 
metal and electronic components, drying of paper, wood and textiles, the 
toughening of glass and the gas-cooling of turbine blades. The flow system 
may consist of either 
a single slot or an array of slot nozzles [6,29,301 emitting 
two-dimensional (2-0) plane isothermal or nonisothermal jets, 
a single orifice [31,32.331, tube or array of orifices, plain tubes 
[13,34,361 	or 	contoured 	nozzles 	[2,17,36] 	
emitting 
three-dimensional (3-0) axisymmetric isothermal jets. 
The present literature survey is limited to the review of previous works on 
submerged jets, i.e. jets of fluid emerging into the same fluid, issuing from 
single nozzles. A substantial survey of literature concerning submerged jets 
issuing from arrays of nozzles is available in Martin's report [1]. 
This chapter is divided into three sections. The first and second deal 
with previous theoretical/experimental 
work on heat/mass transfer between a 
plane 	surface and 	normally 	impinging 	laminar 	and 	turbulent 
jets 	of 	air 
respectively. The 	last 	section 	deals exclusively 	with 	
previous experimental 
reports 	on 	mass 	transfer 	works, 	in which 	the 	technique 	
of holographic 
interferometry, adopted for the present research, has been used. 
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2.1. Theoretical and Experimental Work on Heat and Mass Transfer From a Fiat 
Surface to a Laminar Impinging Air-Jot 
In the following pages a review of theoretical and experimental works 
on heat and mass transfer for a single laminar jet of air impinging normally on 
a plane surface is presented. Literature reviews reported on impinging jets in 
the past have dealt mainly with turbulent jets. A survey of these reviews is 
given in the next section. Since in a significant number of reported works on 
impinging laminar jets, slot nozzles emitting two dimensional plane jets have 
been used to obtain heat and mass transfer data, they will be included in this 
section and where appropriate comparisons between transfer characteristics of 
a two dimensional plane jet and a three dimensional round jet will be drawn. 
In Fig.1.1 in Chapter One various flow regions; potenial -core, stagnation region, 
wall-jet region; boudary layer and external flow region of a submerged jet 
impinging on a flat surface is shown. 
2.1.1. Stagnation Region 
An important and much cited theoretical work on laminar boundary 
layer flow with mass transfer was made by Scholtz and Trass in 1970 181. They 
solved the laminar boundary layer equations to predict mass transfer 
coefficients in the stagnation region of an axisymmetric air-jet with an initially 
parabolic velocity profile, impinging on a flat surface. Exact solutions of the 
boundary layer equations, eq.(1.1) and (1.2). were obtained by the series 
expansion method for nozzle to plate spacings of 0.05cz/dC0.5 . Evaluation of 
exact solutions involved calculation of concentration gradients, which depend 
on Schmidt number and dimensionless distances from the surface. Boundary 
conditions at the edge of the boundary layer were obtained from inviscid flow 
solutions and also from experimental pressure distributions [381. Approximate 
solutions in terms of Schmidt numbers were also obtained, which were 
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found to be in good agreement with the exact solution (within 0.5%) for the 
stagnation region confined to r/d40.5 The original expression based on the 
approximate solutions reported is; 
Sh R Re
-0.5  = a Sc 0 ' 361 + 
b Sc0 ' 386 (riR) 2 + C SC 0 '408 (riR)4 +... 
	 (2.1) 
where Sti R is local Sherwood number based on nozzle radius, 	
R and 	Re is 
based on nozzle diameter, d. a,b and c are coefficients tabulated in 
reference 
[81 for 0.054z1d40.5 for .± 	-1. 	numbers in the range 14Sc410 me 
above expression was derived for the region r/d4O.7 in which it was assumed 
there is no penetration of turbulence into the boundary layer , To obtain the 
mass transfer coefficient at the stagnation point all the terms containing rid 
are deleted. 
For z/d = 0.5; a = 0.8242, b = -0.1351 and c = -0.009850 Substituting 
these constants into the above expression, basing Sherwood number on the 
nozzle diameter and dividing all the terms (the first three terms of the original 
expression) by Sc 0' 361 gives; 
Sh Re -0 . 5  Sc"0 '361 	1.648 - 
1.081 Sc0025 (rid) 2 - 0.315 Sc 0 '047  (r14)4 	 (2.2) 
Scholtz and Trass examined variation of mass transfer with radial distance for 
various nozzle to plate separations in the range 0.05zJd0.5 and reported 
that in all cases the mass transfer near the stagnation point i.e. at rid<0.1, 
shows insignificant dependence on radial distance in agreement with the 
finding of a previous report [371. Hence for small radial distances, mass transfer 
rates may be determined using only the first term in eq.(2.2). For radial 
distances greater than 0.1d mass transfer iZrti with r 
for separations less than zfd=0.25 (shown graphically for zid0.125 
and 0.05 in refernce (81).' TJfbr z/d0.25 and separations greater than this 
(shown graphically for z/d=0.25 and 0.5 t81) mass transfer decreases 
monotonically with radial distance. At separations below zid0.25 one deals 
not with an impinging jet, but a wall jet issuing from a circular 2-0 opening 
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with width much smaller than the nozzle diameter. This is discussed in more 
detail in reference [8]. 
Scholtz and Trass obtained experimental mass transfer data for an 
air/naphthalene system, Sc2.45, for axisymmteric impinging jets using various 
round plain tube nozzle sizes. d=1.905. 3.175 and 5.080 cm. Their data obtained 
at various nozzle to plate separations in the range 0.5z/d46.0 and various 
Reynolds numbers in the range 800Re1,970 have a random scatter of about 
10% in the stagnation zone 0r/d0.75, but on averaged basis the agreement 
with the theory was found to be good. Their theortical curve, eq.(2.1), was 
about 4% above the averaged experimental data. For the above range of zid i.e 
0.5<z/d<6.0 the mass transfer data were found to have insignificant 
dependence on nozzle to plate separation. In their measurements of 
impinging—jet pressure differences between the stagnation point and and no 
exit obtained by means of a microdifferential pressure transducer [381 Scholtz 
and Trass found the normalized pressure distribution at the wall to be uniform 
within range 0.54z/dç6.0 consistent with their mass transfer theory, which 
itself was consistent with their experimental measurements of transfer rates. 
Scholtz and Trass [8] in the same report also produced an equation to 
predict mass transfer rates in the stagnation region of an axisymmetric 
impinging laminar jet at z/d=1.0 with initially uniform velocity profile, derived in 
the same way as that for a nonuniform (parabolic) velocity profile. The 
approximate form found to be in agreement with the exact form to within 0.5% 
for rid<0.5 is; 
Sh R Re -1-5 = 0.3634 Sc 0381 + 
0.03441 
SC 0.386 (r/R) 2 - 0.002531 Sc0408  (r/R) 4 	 (2.3) 
Basing the Sherwood number on nozzle diameter and rearranging the above 
equation one obtains; 
Sh Re -0.5  Sc 0361 = 0.7268 + 
0.2753 Sc0025  (rid)2 - 0.0810 Sc 0047  (rid) 4 	
(2.4) 
Scholtz and Trass did not obtain mass transfer data with the uniform jet, but 
inferred the correctness of the flow field for which eq. (2.3) 
is derived from the good agreement between the pressure distributions 
at the wall calculated 
- 
ftovv 	%oW Sk.tJ_ [39a] and experimental 
data reported for uniform jets [39b].  
Comparison of the mass transfer coefficient predicted for the uniform 
impinging jet with that obtained for the parabolic velocity profile, from eq.(2.2), 
shows that the latter is higher by a factor of 2.2 at the stagnation point, 
decreasing to a factor of 1.6 at r/d0.5. This difference, based on equal nozzle 
Reynolds numbers, was attributed by Scholtz and Trass to the higher 
acceleration of fluid in the vicinity of the stagnation point of a parabolic let 
observed by them in their experimental study of pressure distributions [381. 
Saad at al [401 solved the laminar boundary layer equations by a 
numerical procedure involving an upwind finite-difference representation of the 
vorticity-stream function formulation of Navier-Stokes and energy equations, to 
predict flow and heat trnafer characteristics in the radial zone limited to 
r/d=0-2.5 of a laminar 5rn j_con fi ne
taxisymmetric impinging air-jet impinging 
normally on a flat surface. Effects of Reynolds number in the range 
Re=450-2,500; nozzle-to-plate spacings in the range z/d=2-12 shape of 
velocity profile at the nozzle exit; and application of uniform suction at the 
impingement plate were studied numerically. In the absence of local 
measurements of heat transfer rates in the literature, the authors compared 
their heat transfer predictions for the round semi-confined laminar air-jet with 
parabolic velocity profile with the experimental local mass transfer data of 
Scholtz and Trass [8] reported for an unconfined round laminar air-jet with 
parabolic velocity profile at the nozzle exit. This comparison was done using 
the heat and mass transfer analogy in the impingement region, r/d<1.0, of the 
impinging jet at Re960-1,960 and z/d2-4, and good agreement between them 
was found. 
Prior to the theoretical work of Scholtz and Trass (8) no particular 
% 	 260 
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attention had been paid by researchers in their experimental work to the 
importance of the shape of the velocity profile of the laminar jet streams at the 
nozzle exit. In post 1970 works researchers, whose works will be discussed 
here, ensured that velocity profiles of the laminar jet used were fully 
determined by the appropriate design of the nozzle used. 
For early laminar jet experiments refeence is made [21 to Vickers [411 
heat transfer work In his work local heat transfer coefficients were determined 
between a single normally impinging cool air jet emerging from an orifice and 
a flat radiantly heated plate, placed in an enclosed chamber. Vickers values of 
local heat transfer coefficients are an order of magnitude lover than those 
reported later [2]. We believe this is due to an error in the experimental 
calculation in respect of the author's choice of AT. 
Later, Gardon and .Akfirat [61 reported precise measurement of local 
heat transfer coefficients for impingement of a 2-0 jet of slot-width, B, for 
Reynolds numbers, Re a, ranging from 450 to 22,000; but most of their results 
are for Reynolds numbers in excess of those for laminar flow at the nozzle exit. 
Their laminar jet-flow data is also disadvantaged by lack of clarification of the 
form of the velocity profile at the nozzle exit In an earlier work [21 Gardon and 
Akfirat had used Schrader's [42] treatment of the boundary layer at the 
stagnation point for a round jet to analyse their own data for a plane jet. 
According to Schrader's work, a submerged circular let propagates as a free jet 
to within a distance of roughly 1.2 nozzle diamters from the impacted surface 
and the boundary layer at the stagnation region has a constant thickness 
covering an area of radius of about 1.1 nozzle diameters. Beyond that the 
boundary layer was predicted to thicken. In terms of heat transfer, according 
to Gardon and .Akfirat [61 it would be expected that; 
- the stagnation point heat transfer coefficient would be independent 
of nozzle to plate spacing when the distance is within the potential 
core of the impinging jet and 
- at distances beyond the length of the potential core the stagnation 
transfer coefficient would decrease with increasing nozzle to plate 
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distance. 
Gardon and .Akfirat [6] did not have data for laminar 3-0 circular jets, but 
presented a limited set of data for laminar 2-0 plane jets and used Schrader's 
treatment of boundary layer thickness at the stagnation point of a round jet as 
a guide to analyse their data. When these data were analysed it was found 
that both of the above expectations were fulfilled for a laminar slot jet at 
Re 5=450 (i.e. Re=900 based on the equivalent diameter, de=2B). The length of 
the potential core was found to be z/95; within this distance stagnation 
transfer coefficient remained constant at greater z/B it diminished in proportion 
to (z/B 1 "2. For other laminar Reynolds numbers. Re1,300 and 1,900 (based on 
de), however, a deviation from the expected pattern was observed involving a 
rise in the stagnation point transfer coefficient with axial distance at z/B>5. 
This phenomenon was ascribed to the high levels of turbulence inherent in the 
spreading of submerged jets, caused by the penetration of mixing-induced 
turbulence to the centre line of initially laminar jets. 
Sparrow and Wong [301 measured local mass transfer coefficients for 
the impingement of a slot jet on a plane surface by the naphthalene 
sublimation technique. The experiments were performed with laminar jets for 
Re=280 to 1,750; z/B2, 5, 10, 15 and 20; and 04x/B.(55. Re is based on the 
equivalent diameter, de, (which approaches the limiting value 29 for a narrow 
2-0 slot nozzle); x is the distance from the stagnation point. The design of the 
rectangular slot or duct with cross section 7.62/0.635 cm and length 48.3 cm, 
giving an aspect ratio (length/width) of 76:1, ensured that the jet would have a 
fully developed laminar, i.e. parabolic, velocity profile at the nozzle exit in the 
same way as the round jets studied by Scholtz and Tress (8]. Sparrow and 
Wong's experimental data presented graphically were found to be in agreement 
with the heat transfer data of Gardon and Akfirat 161, where a comparison 
based on the analogy between heat and mass transfer could be made. The 
stagnation mass transfer coefficient was found to be directly proportional to 
Re". Transfer coefficients were found generally to decrease with increasing 
z/B, but there was evidence of non-monotonic variation of transfer coefficients 
with z!B at some Re. This was believed to be due to the opposite influences of 
mixing turbulence and diminished jet velocity. Within the potential core jet 
velocity is constant and therefore stagnation transfer coefficient remains 
constant with increasing z/B. Beyond the potential core jet velocity decreases 
and as a result the stagnation transfer coefficient is expected to decrease; but 
due to the turbulence generated by mixing of the impinging jet with the 
surrounding air, as previously reported by Gardon and Akfirat (21, the transfer 
coefficients are found to increase. The enhancement of stagnation point 
transfer rate by mixing-induced turbulence is particularly significant at higher 
Reynolds numbers within the laminar regime. This phenomenon will be dealt 
with in detail in the next section concerning turbulent jets. The lateral 
distribution of local transfer coefficients was found, in general, to be 
bell-shaped, with the largest value located at the stagnation point. 
Masliyah and Nguyen [431 reported an experimental work to 
complement the work of Sparrow and Wong (30]. Precise measurements of 
local mass transfer coefficients were made using the technique of holographic 
interferometry in conjunction with the swollen polymer method. The three slot 
nozzles used were; two brass tubes with dimensions 0.36. 0.075. 0.00075 m and 
0.35. 0.075, 0.0001 m, and a plexiglass tube with dimensions 0.35. 0.076, 0.0015 
m. The aspect ratios of the three slot nozzles, being respectively 480:1, 350:1 
and 233:1, would provide 2-0 jets with fully developed parabolic velocity 
profiles. 
Masliyah and Nguyen derived a correlation from their data for Sc2.85; 
Sh = 0.7 Re055 (x/B073 (2.5) 
For 1804Re600; 14x/ 3 C 30; and z/8=4 and 8. Sh and Re are based on de. 
Incoporating the Schmidt number into the correlation we have; 
Sh 0.49 Re 
0.55 
Sc 13 (x/B073 	
. 	 (2.6) 
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Sparrow and Wong found that their stagnation transfer coefficient 
varied with Reynolds number as Re 06, whereas Masliyah and Nguyen found the 
variation to be Re 055 . Thus the power index of Re fitting the data produced by 
the former and the latter reporters are 20% and 10% respectively higher than 
that predicted by the laminar boundary layer theory for a flat velocity profile 
given by Welty at al [12). Mas!iyafl and Nguyen attribute these deviations to be 
due to the effects of surface roughness to which, they add, a 2-0 plane jet 
would be more susceptible than a 3-D axisymmetric jet 
It is instructive to compare transfer rates in the stagnation region of a 
two dimensional plane jet with those in the stagnation region of a three 
dimensional axisymmetric jet both having the same laminar flow Re based on 
the equivalent diameter and impinging on a flat surface at the same z/de. In 
the absence of a theoretical equation to predict transfer rates in the stagnation 
region due to a 2-0 plane let with a parabolic velocity profile, the experimental 
data of Sparrow and Wong and the experimental correlation of Maslyiah and 
Nguyen, both obtained for a single laminar plane slot jet with parabolic velocity 
profile at the nozzle exit, are compared for this purpose with the theoretical 
equation of Scholtz and Trass [8], found by the authors to agree with their 
experimental data obtained for a single laminar round axisymrfletric jet 
emerging from a tube with parabolic velocity profile at the nozzle exit. 
For Reynolds numbers Re=829, 1,200 and 1,751 the mass transfer 
coefficient at the stagnation point given by eq.2.1, for the axisymmetric jet, is 
higher than that for a plane jet, as measured experimentally by Sparrow and 
Wong, by about 20 to 30 percent. the difference decreasing with increasing Re. 
Away from the stagnation point, but still in the stagnation region, the 
coefficient for the axisymmetric jet at r/d=0.5 is higher by 65 to 90 percent 
than Sparrow and Wong's results at xJBl, the difference again decreasing with 
increasing Re. thus, the stagnation point coefficient is lower for the laminar 
parablic slot jet than the equivalent round jet, and falls more rapidly with 
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distance from the stagnation point. The correlation of Masliyah and Nguyen, 
eq.(2.5), valid for 1.x/B430, produces similar differences at x/B1. 
2.1.2. Radial Wall Jet Region 
The radial wall jet region is that part of the flow field due to an 
impinging let outside the stagnation region, in which the fluid motion is 
everywhere predominantly parallel to the target surface and governed by 
viscous forces. Glauert [44] solved the boundary layer equations for both 
axisymmetric and plane wall jets on the assumption that the boundary layer is 
self-preserving; that is a similar solution for eq.(1.2) exists as velocity and 
concentration profiles in the boundary layer are assumed to retain their shapes. 
This solution was expressed in terms of F. the exterior flux of momentum flux 
given by; 
F = .C(xu .L°' xu 2 d'4dy 	
(2.7) 
F was shown by Glauert to be constant and independent of radial position. 
Scholtz and Tress [101 extended c3lauert's momentum transfer analysis 
of the axisymmetric wall jet to mass transfer and compared the resulting 
theoretical equation with their own experimental data. In their conclusions they 
mention that velocity and concentration profiles in the boundary layer are 
self-preserving; this is presumably true near the wall and not necessarily at 
distances away from it. The exterior flux of mementum flux in the wall jet was 
according to the auhtors satisfactorily estimated at the nozzle of the impinging 
jet. 
An exact solution of the diffusion equation, eq.(1.3), was obtained by 
Scfloltz and Trass in terms of Schmidt number for 1.0CScC4,000. An 
approximate solution by the integral method was also obtained, which agreed 
with the exact solution to within 0.54%. A practical equation to predict mass 
transfer coefficients at the wall-jet region was derived incoporating the 
approximate solution, which reduces to; 
Sh Sc 1 " 3 Re 314 = 0.159 
The above expression was reported to be a reasonable approximation to the 
exact solution for gaseous systems with Schmidt number of about 2. For our 
own case with Sc=2.76, the air/ethyl salicylate system, the deviation from the 
exact expression would be about 5%. 
Experimental results were obtained by these authors by a dissolution 
method employing acetanilide or benzoic acid as solid coatings profiled by 
means of a stylus coupled to a displacement transducer traversed over the 
surface. The coatings were subject to a single impinging jet of water at 
1,000<Re<3,000 and z/d=1.0 issuing from each of three plain stainless steel 
tubes of diameters 0.265, 0.467 and 0.625 cm. The results were found to agree 
with the theory in the radial zone 2.5.cr/d25. Below Re<1,000 systematic 
deviations from the theory was observed. Visual observations were made by 
means of a dye streak introduced with a very fine capillary. At Re300 it was 
reported that at the radial distance of about r/d5.7 boundary layer separation 
occurred with a formation of a toroidal vortex centered around the nozzle. 
These phenomena resluted in experimental data falling 	below the 
predicted 
values given 	by eq.(2.8). At higher 	Reynolds numbers, 	
Re500 and 	700 
boundary layer separation persisted, but vortex formation was no longer 
observed. Scholtz and Trass found that deviation of the experimental data from 
their correponding theoretical values decreased with increasing Re. The 
deviation at Re=700 was found to be comparatively slight. 
Comparison of eq.(2.1) with eq.(2.8), both derived for a axisymmetric 
jet by Scholtz and Trass, shows the different dependency of local mass transfer 
rate on Reynolds number in different regions of the flow field. Scholtz and 
Trass reported (8] that at low Reynolds numbers the two mass transfer 
expressions intersect. For instance at Re=375 the intersection occurs at r/d0.6 
and, therefore, local mass transfer rates in the entire range of r/d can 
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(2.8) 
apparently be predicted by the combination of eq.(2.1) and eq.(2.8). For higher 
32 
Reynolds numbers, however, such as Re=1,740, Scholtz and Trass found that 
the two expressions do not intersect; thus there is a range of rid in which it is 
not clear which of their theories of mass transfer should apply. In their 
experimental studies Scholtz and Trass found that this radial range corresponds 
to a zone of smooth transition from stagnation flow to wall-jet flow. This 
smooth transitional zone was rationalised by Scholtz and Trass [81 in terms of 
their stagnation theory, eq.(2.1). A correlation based on their experimental data 
was obtained for an air/naphthalene system, Sc2.45, limited to rid>0.75 and 
valid for 0.25Czid6 and for Reynolds numbers in the range 570cReC 1,970. 
which is; 
ShA Re-0.5 = 0.95 (riR86 	 (2.9) 
As the above correlation, produced for Sc2.45, was rationalised in terms of the 
stagnation theory, eq.(2.1) by Scholtz and Trass [81, it would be reasonable to 
assume that Sh varies with Sc as Sc 0361  within the transition region. Thus 
incoporation of Sc 0361  into the above correlation and basing Sherwood number 
and radial distance on nozzle diameter, d, (Re already based on d) we have; 
Sh Re
-0.5  Sc 0•361 0.757 (rJd) -°86 (2.10) 
The radial position of the intersection between the above correlation and that 
for the wall-jet, eq.(2.8), which depends on Reynolds number, gives the upper 
radial limit of the former. 
Comparison Between Laminar Wall Jet Transfer Rates in 2-0 Plane and 
3-0 Axisymmetric Flow 
Schwarz and Caswell (45] obtained a theoretical solution for heat 
transfer rates between a flat surface and a laminar, incompressible. 2-0 wall jet 
with constant physical properties, assuming self-preservation of the velocity 
and temperature profiles in the laminar boundary layer. The results obtained 
are applicable to the constant-wall temperature case, analogous with our own 
mass transfer case. Masliyah and Nguyen (43] used the results of Schwarz and 
Caswell to produce the corresponding mass transfer equation to predict mass 
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transfer rate in the wall region for high xiB and low Re for Sc2.85; 
Sb = 0.281 Re 
0.75 (xJB075 	
(2.11) 
Incoporating Sc 1 "3  into the above expression we have; 
Sh Sc1"3 Re-3/4 = 0.198 (x/B)-O' 75 	
(2.12) 
Comparison of this expression with the theoretical expression of Scholtz and 
Trass, eq42.8), for the axisymmetriC wall jet, reveals two main differences; 
- based on the equivalent diameter, de, the coefficient in the 2-0 wall 
jet expression is about 25 percent tower than that of the 3-0 wall jet 
expression; 
- the power index of the dimensionless lateral distance is much 
smaller in the 2-0 case. 
As the value of power index on rid is higher than that on xJB, it means that 
transfer coefficients for the axisymmetric wall-jet fall more rapidly with lateral 
distance than those for the plane wall-jet, in contrast to their behaviour in the 
stagnation region discussed on page z . The predicted variation of transfer 
coefficient with xJB in the plane wall-jet agrees with the experimental 
correlation of Masliyah and Nguyen, eq.(2.5), but the variation with Re does not. 
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2.2. Theoretical and Experimental Work on Heat and Mass Transfer From a Flat 
Surface to an Impinging Submerged Turbulent Jet 
Turbulent jet transfer is much more extensively treated in the literature 
than transfer to laminar lets, due to its importance in practical applications, and 
several reviews exist. An account of these reviews is given below. 
2-2.1. Previous Literature Reviews 
Several surveys on heat and mass transfer from a flat surface to 
submerged impinging plane or axisymmetric jets, 	either isolated 
or in arrays 
have been published in the past three decades. 	There are 	many 	
published 
semi-empirical 	correlations and 	some 	theoretical 	expressions to 	
determine 
transfer 	coefficients at 	the stagnation 	and 	wall - let 	regions. 
Attempts 	to 
generalise 	and 	unify these correlations 	have 	not, 	however, 
been 	entirely 
successful. 
An earlier survey of impingement heat transfer from turbulent air jets 
to flat plates is given by Livingood and Hrycak [3]. It includes a discussion of 
analytical and experimental work published before 1970. Amongst others, the 
following conclusions relevant to the present work were made; 
Further work on the influence of turbulence on heat transfer was 
found to be necessary, as measured heat transfer coefficients at 
the stagnation region had been reported to be higher than those 
predicted analytically. The dissimilarities were in the nozzle 
.geometries, impinging air-jet temperatures and turbulence 
characteristics of the impinging air-jets used. 
Due to lack of similarity between the various studies, comparison 
of results obtained by different workers using direct thermal 
techniques was found to be difficult. 
More work with room-temperature air lets impinging on heated 
flat surfaces was suggested. 
Martin (1] carried out an extensive survey of previous experimental 
work involving single round nozzles, arrays of round nozzles, single slot 
nozzles, and arrays of slot nozzles. Empirical equations based on the reported 
experimental data were presented for prediction of heat and mass transfer 
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coefficients. For a single round nozzle a correlation was produced to 
determine the average transfer coefficient over tra isferring areas of 
dimensionless radii in the range 2.54r/d47.5 and valid for 2Cz/d12 and 
2,000-C ReC 400,000; 








f(Re) = 2Re 05  [1+(Re°5/200)105 	
(2.15) 
For r/d<2.5 a graphical correlation is given to determine the average transfer 
coefficients. Radial variation of local transfer coefficients at various nozzle to 
surface spacings and Reynolds numbers were presented graphically, but they 
were not generalised in the form of a single correlation. 
Dyban and Mazur [461 have also carried out an extensive literature 
survey more recently. Correlations for variation of stagnation point transfer 
coefficients with z/d and for the radial variation of transfer coefficients 
previously reported by various authors were presented. An attempt was made 
to generalise the stagnation-point-transfer correlations by dividing the range of 
z/d into two parts: low z/d, where the free let is developing and high z/d, 
where the free jet is fully developed. For each let impingement flow zone a 
separate generalised correlation was produced. 
For a turbulent round jet with an initial uniform velocity profile and 
low level of turbulence ( less than 1%) and for 1.5czJd8 the following 
generalised correlation to determine stagnation point transfer coefficient was 
reported; 
Nuo Re -0.5  Pr 033 = 0.78 (z/d)"12 	
(2.16) 
And for 8z/d40; 
Nuo Re -0.5  Pr
-0.33  = 5.28 (z/d08 	
(2.17) 
The above correlations were obtained for Reynolds numbers in the range 
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7,000.~,_- Re 300,000 . In deriving the above correlations from experimental data 
by various authors Dyban and Mazur used physical properties of the gas 
measured at the temperature of the plane of the nozzle. 
2-2.2. Present Literature Review 
In Chapter One application of the laminar boundary layer concept to a 
transferring flow system comprising an axisymmetric impinging let and a flat 
surface was introduced and simplified laminar boundary layer equations 
governing transfer across boundary layer into the main laminar-flow stream 
were produced. In standard textbooks [12.47] theoretical equations based on 
analytical numerical solutions of laminar boundary layer equations to predict 
heat transfer rates at the stagnation point for various geometries can be found. 
Welty at al [121 give the following theoretical equation for a three-dimensional 
stagnation point on the surface of a body of revolution with radius, R. 
immersed in a uniform stream of great lateral extent compared with the body 
(as distinct from a jet impinging on a small region of the surface), where 
boundary layer is relatively thin; 
	
Nu 0R ReR -0.5 Pr-' -' = 0.76 (a)°5 	
(2.18) 
Where Nusselt and Reynolds numbers are based on R and a is the 
dimensionless velocity gradient at the stagnation point; 
a (RJU) (du/dx)o 
The limit on Prandtl number in eq.(2.18) is 0.54Pr10. Equation (2.18) had 
originally been derived theoretically by Sibulkin [481 for the heat transfer near 
the forward stagnation point of a body of revolution exposed to a uniform 
wind, e.g. a sphere of small diameter placed in a wind tunnel, at which flow in 
the boundary layer is assumed to be laminar and incompressible. 
Welty et al present a table of values of a 4  at the stagnation point of 
various geometries and systems. For a system consisting of a 
three-dimensional jet of radius R impinging upon a flat plate; the case of 
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special intererst to us, the approximate value of a given by Welty et al is 0.44. 
If eq.(2.18) is based on the diameter of a 3-0 jet, where d=2R we have; 
Nu. Re-'-' Pr-a.4 = 1.07 
	 (2.19) 
Now a*0.44 gives; 
Nu 0 R&05 P(04 = 0.71 
	 (2.20) 
The constant 0.71 in the above equation is similar to that in eq.(2.4), 0.7268, 
derived by Scholtz and Trass (81 for the stagnation region of an axisymmetric 
laminar impinging let with an initially flat velocity profile. 
is dependent on the let radius, which varies at distances greater 
than the length of the potential core. Thus eq.(2.20) would be expected to be 
applicable only to low nozzle to plate spacings e.g. zJd<6, where a jet 
impinges within its potential core . Where a jet impinges outside its potential 
core (zid>5) a 	will change and, therefore, eq.(2.19) will require 
modification. 
Such modification may be determined experimentally by obtaining 
the form of 
variation of a * with z/d, as shown in the correlations of Dyban and Mazur [461, 
eq.(2.16) and (2.17) for impinging lets. As in the derivation of eq.(2.18) Welty at 
at assume the flow in the boundary layer to be laminar i.e. turbulence-free, a 
further modification to eq.(2.19) would be necessary to take account of any 
turbulence that may be present in the stagnation point boundary layer. The 
need for such modifications has been necessitated by the results of 
experimental studies reported in the past decades. 
Important contributions to heat transfer studies with turbulent 
impinging air jets were made in the 1960s by Gardon and his colleagues. They 
reported precise measurements of local heat transfer rates between a uniformly 
hot flat plate and normally impinging and cooling axisymmeti'ic (491 and plane 
[6] air jets. 
Garden and Cobonpue [491 used single nozzles with well rounded 
inlets and short parallel throats, in which the velocity profile of the jet is likely 
to be flat (uniform). The nozzle diameters ranged from 0.226 to 0.899 cm. 
Experimental results were reported for Re=7,000 to 112,000 in the axial distance 
range of 0.5z/dC50 and radial range of 0r/d,02. 
The stagnation point heat transfer rate was found to increase with 
increasing zld in the range 0.5z/dC7 reaching a maximum at z/d between 6 
and 7. The corresponding data were presented graphically. For Re>14,000 and 
zld>20, i.e. in the region of fully developed flow, the following correlation was 
produced; 
Mu0 = 13 Re 112 dlz 	
(2.21) 
In a later report [61 the coefficient in the above equation was reported to be 
40% too high due to an error in the 	calibration of the heat-flow 
transducer. 
Taking 	account 	of the above correction 	and including 	
Pr 1/3 for 	air 	the 
correlation becomes; 
Nu. Re- 1/2 Pr_ 
1/3 = 8.7 (z/d1 	
(2.22) 
Outside the above range of Re and zld the correlation was found to be marred 
by residual effects of the nozzle diameter. The data for Re<14,000 and zld<12 
were found to deviate in a systematic manner with nozzle size, the larger 
nozzles producing progressively higher peak heat transfer rates at progressively 
lower values of z/d. This phenomenon, believed to be due to the influence of 
turbulence, was also observed with slot jets [61. However, In experiments with 
slot nozzles of 15.24 cm in length and with widths ranging between 0.159 and 
0.635 cm, Gardon and .Akfirat (61 reported the following correlation correct to 
within 5% for variation of the stagnation transfer coefficient with 
nozzle-to-plate spacing, zJB, for 14Cz/B6 0  and 2.000 cRe3C 50,000 
Nuo g = 1.2 Re3 0.58  (zIB)-082 
	
(2.23) 
Basing the Nusselt and Reynolds numbers on the equivalent diameter, de213 
and including Pr 113 for air we have; 
Nuo Re -0-58 Pr-1/3 = 1.8 (z/B 052 
	
(2.24) 
For 7cz/dec30 and 4,000<11e4 100,000. variation of stagnation transfer 
coefficient with Re 
0-58 suggests the boundary layer at the stagnation point is 
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not 	in 	simple 	laminar flaw as 	usually 	assumed. 	
Similar results concerning 
variation of stagnation mass transfer rate with Reynolds 
number, for laminar 
slot jets having parabolic velocity profiles, were also obtained by Sparrow and 
Wong [30], and Masliyah and Nguyen [43]. 
As for the radial variation of heat transfer, the distribution was found, 
by Gardon and Cobonpue [491, to be bell-shaped for z/d>6, as shown 
graphically by the authors [491 for Re28,000. Similar observations were also 
made [61 with slot nozzles for z/8>14 in the range 2,750Re 5 _<50,00 0 . 
Decreasing z/d (or ziB) resulted in increasing peak heat transfer rates. At z/d6 
an annular "hump" was observed to develop around the central peak, at about 
r/d=2, (at xJB=7 for slot jets [61). This hump was found to grow with 
decreasing z/d until at z/d=3 it developed into a well-defined secondary peak 
(at zi8<6 for slot jets [6]). This is called the "outer" peak, and is separated 
from the central peak by an annular relative minimum. Meanwhile for z/d<4 
(where an impinging let is within the length of its potential core) the central 
peak, at the stagnation point, gave way to a central minimum of heat transfer 
rate and a maximum; called the "Inner" peak at about rid0.5. This "inner" peak 
was found to occur at x/B=0.5 for slot jets only when zJ13<11i2, in which case 
one deals not with an impinging jet but a wall-jet emerging parallel to the 
surface from a gap, between the nozzle and the plate surface, that is narrower 
than the slot width itself. 
The causes of the non-monotonic variation of stagnation heat transfer 
coefficient with zid and local heat transfer coefficient with rid had been 
investigated in detail in a publication by Gardon and Akfirat (2], in which they 
explained why their heat transfer results could be correlated in terms of Re and 
zfd alone in high z/d situations, but not at low zid. The essence of this 
analysis is given below. 
Gardon and Aktirat [2] concluded that the free stream turbulence can 
affect heat transfer rates in two ways; 
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- In the presence of favourable pressure gradients_ i.e. where the 
pressure falls in the direction of flow as, for example, on a flat plate 
subject to an accelerating stream or on the forward part of a 
cylinder in cross flow_ increased turbulence in the free stream has a 
direct effect on local heat transfer coefficients without causing an 
irreversible change in the laminar character of the boundary layer. 
This means that stagnation point transfer rate may vary with Re as 
Re°5, e.g. in eq.(2.21), eventhough significant level of axial turbulence 
is developed in the impinging jet 
- In the absence of favourable pressure gradients_ as, for example, 
over a flat plate parallel to the flow (or the wall jet region of an 
impinging jet)_ increased turbulence in the stream tends to promote 
the transition from a laminar boundary layer to a turbulent boundary 
layer. The distribution of local heat transfer coefficients is affected 
only to the extent of the forward shift of the point of transition. 
Depending on their sign, pressure gradients also influence the stability of the 
boundary layer flow. Negative pressure gradients, i.e., decrease of pressure in 
the flow direction, themselves tend to stabilize it and thus delay the transition 
to turbulence. 
Since turbulence in an impinging jet is generated by the jet itself and 
varies significantly with position in the jet, its effect on heat or mass transfer 
would be different in an impinging jet than in a wind tunnel, where the 
turbulence is more nearly constant over the test surface. Thus heat and mass 
transfer data obtained in wind tunnels may differ significantly from those 
obtained with nozzles, due to the dissimilarity of turbulence levels in the 
transferring fluid, as well as to differences in the velocity distribution in the 
flow outside the boundary layer. 
To illustrate these ideas, Gardon and ,Akflrat in the same report (21 
presented a plot of data obtained with their short nozzle with a well rounded 
inlet of diameter d=0.635 cm, at z/d=2 and various Reynolds numbers in the 
range 2,500Re28.000. 
The existence of the "Inner" peak over a range of zld up to z/d3 was 
always found to be independent of the Reynolds number used, but the "outer" 
peak occurring at r/d=1.9 disappeared below some critical Reynolds numbers 
(in their case Re=2,800). The occurrence of the "outer" peak was attributed to 
jet turbulence causing transition of the laminar boundary layer to turbulent. 
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The fact that the "inner" peak did not disappear at low Reynolds numbers was 
thought to suggest that it was not caused by turbulence but by some other 
mechanism inherent in the flow of impinging jets. This mechanism was agreed 
to be the thinning of the laminar boundary layer at r/&O.S, as theoretically 
predicted by Kezios 1501, resulting in maximum heat transfer rate. 
The disappearance of the "outer peak with reduction in Reynolds 
number from Re26,000 to 2,500 was experimentally observed to be preceded 
by its resolution into two distinct peaks; at r/d'1.4 and 2.5 for Re2,800, and at 
similar locations for other Reynolds numbers in the range 2,80011eC 10 ,000 . 
This phenomenon was observed only with circular jets that issued from short 
nozzles having well rounded inlets. It is believed that for circular jets it is the 
peak at r/d=1.9 that corresponds to the secondary or outer" peaks observed 
with slot jets at xJB=7 (61 caused by turbulence, specifically by transition from 
laminar to turbulent boundary flow. It was conceived that the resolution of the 
"outer" peak produced by circular lets (at Re=2,800) into two separate peaks as 
the initial turbulence level is lowered may reflect the separate effects; 
- of the diffusion of mixing-induced turbulence to the boundary layer, 
- of transition to turbulence of the laminar boundary layer. 
The non-monotonic variation of the stagnation point heat transfer rate 
with zld (and x/B for a slot jet) was explained as due to the interaction of two 
opposing effects 
That of the centre-line turbulence, which increases with jet 
length and 
That of the ratio of arrival velocity to jet width at impingement, 
which governs the boundary layer thickness at the stagnation 
point and decreases with increasing jet length. 
Since Gordon and Cobonpue's report (491 much research on the 
influence of turbulence in the free jet [51,52,53], the effect of nozzle-to-plate 
spacing (i.e. fluid entrainement) [9,541 and the effect of nozzle geometry (13,551 
on heat and mass transfer coefficient has been carried out. 
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To this date there appears to be no comprehensive theoretical 
equation or quantitative treatment to predict the existence of "inner" and 
.outer' peaks observed by Gardon and his colleagues. Although there is 
general agreement with the explanation of Gardon and Akfirat (21 for the cause 
of the outer" peak, some have postulated a different cause for the "inner" 
peak Pamadi and Belov (531 claim that the strong influence of mixing-induced, 
nonuniform, turbulence in the developing let is the cause of the "inner" peak, 
and not the thinning of the laminar boundary layer as proposed by Gardon and 
Akfirat [21. Incompressible boundary layer flow equations were solved by them, 
using a semi-empirical turbulence model of boundary layer flow for a turbulent 
jet impinging at low z/d. The results showed that the existence of the inner" 
peak at about r/d=0.5 could be predicted, contrary to the prediction of laminar 
boundary layer theory. Their predicted transfer coefficients were, however, 
lower (at the stagnation point by about 20%) than those found experimentally 
by Gardon and Akfirat. 
A recent work by Amano and Jensen [35L a numerical and 
experimental investigation of turbulent heat transport of an axisymmetric jet 
issuing from a long tube and impinging on a flat plate, illustrates the possibility 
of dealing with turbulent boundary layer problems for prediction of radial 
variation of transfer coefficients in the stagnation region. In their experiments 
they used a plain stainless steel tube of diameter, d=0.46 cm and length 34.5 
cm, giving an aspect ratio of 75:1 to obtain a fully-developed velocity profile at 
the nozzle exit. Heat transfer data in the form of plots of heat transfer 
coefficients against radial distance. 04r/d 22  for z/d=4, 7 and 10 and 
Re=10,000, 20,000 and 40,000 were reported. In their numerical procedure the 
2-0 Navier-Stokes equations were solved using a two-equation turbulence 
model. in this model one equation deals with the turbulence kinetic energy in 
the viscous sublayer and the fully turbulent regions, and the other kind deals 
with the energy dissipation rate in those regions. These equations were solved 
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by the central and upwind finite differencing methods. The heat transfer 
predictions made by this model was found to show generally good agreement 
with the experimental data. The authors, however, recommended modification 
of. the wall boundary treatment to improve the accuracy of the predictions. A 
further improvement is then possible by extending the turbulence model to a 
multi-equation model. 
Hrycak [361 carried out heat transfer experiments, in which stagnation 
point heat transfer rate was measured between a flat plate of 15.24 cm in 
diameter heated by steam condensing at atmospheric pressure and a round jet 
of cooling air issuing from a contoured nozzle providing uniform velocity 
profile at the nozzle exit. For z/d<7 the results were best correlated by; 
Nu 0 Re - ' - ' Pr 04 = 1.41 (z/d)016 	
(2.25) 
And for zld>7 the following correlation was reported; 
Nu. Re -0-5 Pr 04 = 3.92 (zJd04 	 (2.26) 
The above correlations were obtained for several nozzle diameters (0.318, 0.635, 
0.952 and 1.27 cm) and for Reynolds numbers ranging from 14,000 to 67,000. 
An extensive experimental study of the behaviour of a free jet (561 and 
heat transfer study of a fully-developed impinging turbulent jet (511 issuing 
from a convergent nozzle of exit diameter, d=1.298 cm and impinging on a flat 
plate at various nozzle-to-plate spacings in the range 7zJdC0 and various 
Reynolds numbers (based on free let half radius) in the range 31,200-112,000, 
was carried out by Donaldson et al. Turbulence level in the free jet was 
measured, as were pressure gradients at the wall, in order to compute a, the 
radial velocity profile at the stagnation point. The results indicated that 
turbulence in the free jet enhances the stagnation point transfer rate, which 
was found not to be accounted for by the laminar boundary layer equation 
developed for their own case, for a fully developed jet with Pr0.71; 




Where Nu r  and Re r  are based on half-jet radius, r 05
. A correction factor of 
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about 1.5 to 21 was found to be necessary to modify the above theoretical 
expression based on the assumption of a laminar boundary layer to make more 
realistic predictions. Kumada and Mabuchi (57] found that their stagnation 
point mass transfer coefficient for a two dimensional jet impinging on a flat 
surface from distances in the range 5z/d 9S20  away from it and at 
Re=23,400-27,800 was 83% higher than that predicted by laminar boundary 
layer theory, which ignores effects of turbulence. This 83% difference was 
attributed to the effect of turbulence developed in the impinging jet. 
In another experimental work on the effect of turbulence on transfer 
rate. Hoogendoorn (52] reported that the relative increase of the stagnation 
point heat transfer rate due to turbulence in a free impinging let on a flat plate 
was the same as for cylinders in a free stream. For impinging jets with 
turbulence level less than 1% at nozzle exit for small z/d i.e. zId2-4, 
and 
Re=66,000 the transfer rate at the stagnation point was found to be smaller 
than the points in the region directly around it. This relative miniumum 
disappeared at z/d>5. A representative data-point obtained with a converging 
contoured nozzle of d=5.7 cm with an initially uniform velocity profile at the 
nozzle exit, at z/d4 and Re=66,000 giving Nu,-190 for Pr0.71 is in agreement 
to within 11% with the value given by eq.(2.16) of Dyban and Mazur for a 
turbulence-free impinging jet with initially uniform velocity profile. All the 
stagnation-data-points obtained at Re66.000 and various z/d in the range 
z/d2-10, with a technique using heat sensitive liquid crystals, were correlated 
to within an accuracy of 8% by; 
Nu,, R&05 = 0.65 + 2.O3fTu Re05/100) - 
2.46[(Tu Re/100I2 	
(2.28) 
Where Tu is turbulence intensity (%), based on the main velocity component 
which reportedly varied from 2% at z/d2.0 to 20% at zId10.0. 
HoogendOorn's 
data-point obtained at z/d5.6 and Re66,000 with a turbulence level of about 
8% at the nozzle exit Show an increase of about 30% from the value given by 
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the laminar boundary theory, for which Tu=0 in the above equation. 
Obot et al [551 carried out an extensive experimental study of the 
effects of nozzle geometry and nozzle length/diameter ratio on impingement 
region heat transfer rate under a round turbulent let for axial distances in the 
range 2—<z/d,< 12 and Reynolds numbers in the range 15,000ReC60,000. Two 
different nozzle inlet geometries were used; one a sharp-edged nozzle and the 
other a standard ASME quarter-elliptical converging contoured nozzle. Local 
heat transfer rates were measured by means of chromel-constantan 
 
thermocouples. It was reported that the nozzle geometry influences the mean 
velocity and turbulence profile across the nozzle exit and subsequently the 
impingement heat transfer coefficient. The effect was found to be greatest for 
short nozzles and insignificant for nozzles 40 or more diameters long. Beyond 
zld=12 the stagnation heat transfer coefficient or its average value over the 
entire test plate were found to be essentially independent of nozzle inlet 
geometry and independent of nozzle length. A representative data-point 
obtained by Obot at al with a converging quarter-elliptical contoured nozzle of 
d=1.905 cm, with initially uniform velocity profile at the nozzle exit at z/d4 
and Re29,500 giving Nu 0 110 for Pr0.71 fits eq42.20) due to the low 
turbulence level i.e. less than P/c, of the impinging jet apparently achieved by 
the use of honeycomb screen in the jet-flow system, but it is about 28% less 
than the value given by eq.(2.16) of Dyban and Mawr [461 which takes account 
of effects of z/d on the stagnation transfer rate for a turbulent-free impinging 
jet with initially uniform velocity profile. This underestimation may be due to 
the measuring instrument used by Obot at al [55], disadvantages of which are 
outlined in Chapter One. 
Giralt at al [541 produced a conceptual model for a submerged, 
axisymmteric, turbulent impinging jet in which the impingemnet region was 
characterised as a function of nozzle to surface distance. z/d. Effects of fluid 
entrainment on flow, wall shear stress and stagnation point transfer could, 
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therefore, be studied. This was done by allowing free-jet half radius, r 105 , 
(length scale) and stagnation-point collision velocity, V 3. (velocity scale) to vary 
with zld. 
Ciralt et al (541 considered the flow in the impingement region, Fig.1.1, 
to be initiated by the free jet flow conditions existing before deflection i.e. at a 
distance from the plate where the upstream influence of the wall on the 
oncoming jet flow, which is asymtatic, first becomes noticable. The initial 
impinging jet flow conditions were characterised by the oncoming mean jet 
velocity profile, the mean jet centerline velocity, and a suitable length scale at 
an arbitrarily defined distance, Vi, above the deflecting surface where the 
centerline velocity of the impinging jet is practically equal e.g. 98%, of that in 
the undisturbed jet at the same distance from the nozzle exit The flow in the 
impingement region was assumed inviscid except near the deflecting surface. 
The inviscid flow was visualized as emerging from an imaginary nozzle set at yi 
with a discharging velocity profile equal to that actually entering the region of 
impingement. The relationship between the actual and imaginary nozzle flow 
conditions would provide the necessary information about the effect of zld on 
the deflecting flow and through subsequent matching procedures on boundary 
layer solutions. 
As shown in Fig.1.1, the impingement region was scaled with the free 
jet half radius at yi, which corresponds to the distance from the centerline, 
where the axial velocity is one half of the mean jet centerline value. Fluid flow 
experiments were performed by Giralt at al (541 to determine the beginning of 
the impingement region, vi, and the velocity and length scales at this location 
for two standard VOl contourd nozzles, 2.858 and 3.175 cm in diameters, at 
various nozzle to plate spacings in the range z/d1.2-25.0 for 
Re=34,000-80,000. 
The variation length scale, r 105, with z/d was found to be characterised 
by [54]; 
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r 05/d = 0.493 + 0.006 zld 	
(2.29) 
For 1.2Cz/d 6 . 8,  and 
r105/d = 0.069(1+z/d) 	
(2.30) 
For z/d>6.8 . The variation of collision velocity, V 5 9 with 
zld was found to be 
represented by (54]; 
V5 = V0 (1.004 - 0.003 z/d) 	
(2.31) 
For z/d5.5. and 
Vs = V0 (1.35 - 0.066 zld) 	
(2.32) 
For 5.5<z/d ~9 10.0, and 
V 3 = V0 [7.37 / (0.67 + z/d)] 	
(2.33) 
For z./d>10.0 
In order to predict mass transfer rates in the impingement region of a 
submerged axisymmetric turbulent air-jet impinging normally on a flat surface 
the laminar concentration boundary layer solutions of Scholtz and Trass 181 
were scaled with the velocity and length scales. The following equation Was 
reported [54, 91; 
(Sh Re °5)Tp 	_(2U 1 (V/Vom )/B(tia.51'd)1 
(C 0(0,Sc) + U 3/U 1 d2(0,Sc)(r/r 1 05)2 + 
... 	 (2.34) 
where U 1  and LI3 are velocity coefficients tabulated for 1.2Cz/d8.0 in 
reference [9]. C 0(0,Sc) is the first derivative at the wall of the first term in the 
series defining the dimensionless concentration distribution in the boundary 
layer. This function is tabulated by Scholtz [581 over the range Sc0.7 to 2,000. 
3 is the ratio of mean to maximum nozzle velocity, UfVom. 
For the standard 
VOl contoured nozzles used by Chia et al in the experimental part of their work 
30.963. Since both V 51V OI,, and r105/d change with z/d, the effects of 
nozzle-to-plate spacing on transfer rate in the impingement region can be 
quantatively accounted for. In order to predict stagnation point transfer rate 
the second term in the above equation involving r would be deleted. Equation 
(2.34) shows that stagnation region mass transfer rates at the deflecting 
surface of a turbulence free impinging jet in terms of nozzle conditions depend 
on Reynolds number, Schmidt number, radial distance and nozzle height. 
Giralt at al [541 obtained stagnation point mass transfer rates at 
Re34,000 at various z/d in the range z/d=1.25-20.0 using the air/naphthalene 
system, Sc2.45, with two standard VDI contoured nozzles of different 
diameters, d=1.905 and 3.175 cm. Their experimental data were found to be in 
good agreement for z/d<4.0 with the predicted values at the stagnation point 
given by eq.(2.34), which accounts for the effects of fluid entrainment on mass 
transfer. Above z/d=4.0, however, the measured stagnation transfer rates were 
found to be much higher than the predicted values. This enhancement bf 
transfer rates at z/d>4.0 was attributed, by Giralt at al [54], to the free-jet 
turbulence (due to the fluid entraiment), which is not accounted by eq.(2.34). 
To account for the effect of turbulence on transfer rates a correction 
factor, y, was incoporated by Chia at al [91 to eq.(2.34); 
Sh Rao-5  = C  4 y i I (Sh/Re °5)TF 
	 (2.35) 
Ti is directly related to local value of axial jet turbulence, It 1, for any flow 
condition. Based on their experimental data obtained for Re=34.000 and 
Sc=2.45 a procedure was presented in order to determine Ti as a function of 
z/d for any Re. Variation of y i  with jet turbulence is summarised as follows; 
Yi = 0 	 (2.36) 
For It 1 Re°5 <4.0, 
Y i = 0.0156 Sc 116 (It 1 Re05 - 4.0) 	 (2.37) 
For 4.0<lt 1 Re05 <34.0, and 
y i = 0.468 SC116 	 (2.38) 
For It 1 Re 0 ' 5 >34.0 . A plot of Ti against lt 1 Re05  for Re34,000 and z/d in the 
range 1.2<z/d<20 is given in Fig.3 of reference [9]. For any Re and z/d the 
corresponding value of " may be estimated by the following steps; 
- First for a value of z/d the value of It 1 Re05  for Re34,000 is found 
from Fig.3 in reference [9]. 
- Then the value of lt 1 Re05  for the new Re is determined using the 
direct proportionality of It i with Re 05 . 
- Finally the value of ltRe 5  for the new Re is used to find the 
corresponding value of y i from Fig.3 of reference [9]. 
At z/d=10.0 and Re=10300 for Sc=3.45 the theory of Chia at al, 
eq.(2.34), with inclusion of the effect of the axial turbulence in the impinging jet 
reduces to [9]; 
Sh0 Re -1/2 = 1.43 
Incoporating Sc 113 into the above equation gives; 
Sh0 Re -1/2  Sc 1 ' 3 = 1.06 
	
(2.39) 
Chia at al [9] also carried out mass transfer experiments using a 
contoured nozzles of diartieter, d3.175 in all the experiments execpt in three, 
in which a nozzle of d=1.905 cm was used. These were the same VDI contoured 
nozzles used by Giralt at al [541 in their (mass transfer) experiments. The 
air/naphthalene (Sc=2.45) system was used and all the experiments were made 
at a constant value of Reynolds number, Re34.000 and various z/d in the 
range z/d1.2-20. Comparisons between their experimental data and the 
corresponding theoretical values were presented graphically mainly in the 
impingement region. In general agreement between them was found to be 
good with a maximum of 5% deviation for the large nozzle. The data obtained 
with the smaller nozzle was higher, for instance 10% at z/d6.0, than that 
obtained with the larger nozzle. Such a difference was attributed to the 
difference in the jet flow structure when the small nozzle was used. 
Dawson and Tress (11] reported a theoretical equation to predict mass 
transfer coefficients in the turbulent wall jet region of a fully developed 
turbulent jet of air impinging on a flat plate. An empirical correction factor of 
1.2, however, had to be included in the equation so that the predicted values of 
mass transfer coefficients were in reasonable agreement with the experimental 
data obtained by these authors at z/d=8.8 and 10,6004Re57. 1 00 using the 
naphthalene sublimation method. The difference between their experimental 
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data and the corresponding theoretical values was attributed to weakness in 
the theàry postulated by the authors. Their data in the impingement region, 
however, agree very well with the theory of Chia at al 191, who present a 
graphical comparison for z1d8.81 and Re10,600 in reference (91. 
Popiel and Tress [591 carried out a study of flow visualization and skin 
friction measurements. The "smoke wire" technique was used to visualize flow 
characteristics of a round air-jet produced by a subsonic open wind tunnel and 
issuing from two Witoszynski (bell-shaped or contoured) nozzles of different 
exit diameterjLD4_50 mm. Skin friction measurements were made with a 
system consisting of a flush mounted hot film probe and a constant 
temperature thermoanemometer. 
In their report a sequence of pictures of flow visualization of the 
round impinging jet at z/d1.2 for Re10,000 were presented. From the pictures 
one can follow the downstream convection of successive toroidal vortices. It 
was reported that very often two neighbouring toroidal vortices coalesce 
resulting in a larger toroidal vortex having a turbulent core. This is known as 
- the vortex pairing" phenomenon. It was also observed that sometimes many 
small vortices roll up into a larger one, a process known as collective 
interaction". 
Between the nozzle exit and the impingement surface, a vortex was 
observed to form at small distances from the nozzle and at some distance from 
the already developed vortex. The large toroidal vortex causes the contraction 
of the potential core (of the free jet) and has a strong upstream interaction; a 
form of a feedback action. This action was observed to stop at the trailing 
edge of the nozzle and delaying formation of a new large vortex until the 
developing vortex is convected further downstream. Above the contraction of 
the potential core the jet was seen to swell, consequently, creating the proper 
conditions for the formation and developement of a new large toroidal vortex. 
On the surface of the plane the toroidal vortices were observed to 
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reach the wall periodically at the radius r/d=0.7 to 0.9 and stretch in the radial 
direction along the surface. Approximately at the same radius the periodic 
formation of coherent wall eddies was also observed. These ring-shaped wall 
eddies were seen to roil up along the surface till as far as r/d2. A transition 
region at about r/d1 	to 2 was observed in which the toroidal 
vortices were 
stretched and merged, and 	the 	wall 	eddies 	developed, 	
and finally these 
coherent structures transformed to a developed turbulent wall let. 
Flow visualization studies were also made for z/d2 and higher 
nozzle-to-plate spacings by Popiel and Trass. At zIdZ 
the toroidal vortices 
hitting the wall surface were found to be very large at higher values of 
Reynolds numbers (Re=20,000) and were characterized by their turbulent cores 
because of the pairing and multiple pairing phenomenon. 
The characteristics of the axisymmetric impinging turbulent jet of air 
observed by Popiel and Trass were confirmed by their measurements of skin 
friction made in parallel with the flow visualization. The pulsative interactive 
effect of the large scale toroidal vortices on the let core were observed as a 
strongly repeating pattern of the hot wire probe response at radius r/d'0.7 to 
1.1. Popiel and Trass compared their results with the heat transfer 
observations of Gardon and Alcfirat [21 reported for a turbulent jet issuing from 
a contoured nozzle at z/d=2 and for 2,500<Re<28,000, discussed in detail in 
the preceding pages, and it can be concluded that 
- the maximum of an average radial velocity and pulsative character of 
the flow were responsible for the "inner" ring-shaped relative 
maximum of the average skin friction situated in the zone around the 
stagnation point, which correponds to the "inner" peak reported for 
z/d=2 by Gardon and Akfirat [2] in their heat transfer studies. 
- the second hump (or peak), reported by Gardon and Akfirat to 
develop for z/d=2 at about r/d1.2 to 1.4 for 2,800<Re<10,000 and 
observed by Popiel and Tress in their experiments can be caused by 
the developing wall eddies. Gardon and Aktirat pointed out that 
formation of the second peak is a reflection of two separate effects, 
outlined on page/ti 
- The "outer" peak of Gardon and Akfirat [2] is caused by transition of 
the wall eddies to a turbulent wall let. 
- At higher Reynolds numbers, Re20,000 in the skin friction 
measurement experiments and at Re>14,000 in the heat transfer 
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study of Gardon and Akfirat, the (initial) turbulence of the jet core is 
more intensive and the toroidal vortices and wall eddies are less 
durable, causing the shift of the transition of wall eddies to turbulent 
wall jet from a radial distance from the stagnation-point of about 
2.4d to 1.8-2d. Consequently the second hump disappears from the 
view as if it were swallowed by the early transition. 
Popiel and Boguslawski [131 reported recently an experimental study of 
mass transfer from a flat plate to an impinging round jet issuing from either a 
converging bell-shaped nozzle or sharp-ended orifice at various 
nozzle-to-plate spacings in the range 1.2z/d16 and Reynolds numbers in 
the range 5,000Re50,000. As the flow characteristics of a jet issuing from 
an orifice are significantly different from those of a jet issuing from a 
contoured nozzle, their mass transfer characteristics would likewise be 
expected to be different. Popiel and Boguslawski found that their mass transfer 
results obtained with the orifice were generally higher by approximately 30% 
than those obtained with the contoured nozzle at the same values of Re and 
z/d. 
The contoured nozzles used by Popiel and Boguslawski were specially 
designed bell-shaped Witoszynki nozzles of outlet/inlet diameters 14/60 and 
60/212 mm producing a uniform velocity profile at the nozzle exit The 
following correlation for the variation of the mass transfer rate at the 




 5c04 = (0.508 + 0.051z/d) 	
(2.40) 
The factor Re05  in these results suggests that in the above range of z/d, the 
boundary layer at the stagnation point is laminar. At higher z/d their data was 
found not to be correlated by Re" but by Re 
0.75, suggesting a turbulent 
behaviour of the stagnation boundary layer at z/d>7. The conclusions of 
Gardon and Akfirat [2] on the effects of turbulence on heat transfer outlined on 
page sqii would account for this by an irreversible change to the laminar 
boundary layer due to the increasing axial turbulence level in the axisymmetric 
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impinging jet as zid is increased. 
At distances beyond z/d=8 Popiel and Boguslo.w ski's data were 
correlated by the following formula; 
Sho Re-0.15 
SC-0.4 = 0.461 ( Z/d) 
-as 7 	 (2.41) 
Within the separation range z/d=5.5 to B the maximum stagnation transfer rate 
was located at z1d7. Popiel and Boguslawski also produced mass transfer 
data for the radial variation of local mass transfer rates for their bell-shaped 
contoured nozzles. Data were presented graphically in the form of plots of Sh 
against rid to show (a) the effect of Reynolds number in the range 
4,590CRe63,100 on local mass transfer at zJd=1.2. and (b) the effect of 
nozzle-to-plate spacing in the range 1.2,<zid22 on mass transfer for 
Re=20,000. They reported that their radial mass transfer distributions for 
zJd1.2 were consistent with those reported by Gardon and Akfirat (2] for 
z/d=2. The stagnation point was found to be the location of a central minimum 
with an adjacent annular hump (the inner peak of Gardon and Akfirat [21) at 
r/d=0.6, which was attributed in agreement with Gardon and Akfirat to the 
thinning of the laminar boundary layer in the stagnation region, and not to 
mixing-induced turbulence as postulated by Pamadi and Belov (501. This region 
around the stagnation point was observed by Popiel and Tress (58] in their 
"smoke wire" experiments to be the location of periodic formation of coherent 
wall eddies at r/d0.7 to 0.9. 
From results of Popiel and Boguslawski (131 it can be deduced that as 
the Reynolds number is reduced from Re=63,100 the outer' peak resolves into 
two distinct peaks at Re=21,400 at about r/d1.4 and 2.5 for z/d1.2. This 
phenomenon in Gardon and Akfirat experiments (2] occurs at much lower 
Reynolds number i.e at Re=10,000 for z/d2. According to the visual study of 
impinging turbulent jets carried out by Popiel and Tress (591 the second hump 
appears at the radius where the large-scale toroidal vortices periodically hit the 
plate and induce ring-shaped wall eddies, thus resulting in nonmonotonic 
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variation of local mass transfer around rJd1.4. The third annular "hump" was 
believed to be due to the abrupt transition of the ordered wall eddies to a 
turbulent wall-jet. At higher Reynolds numbers. Re21,100, the initial 
turbulence was found to strongly disturb the ordered jet flow structure along 
the surface resulting in the disappearance of the second hump and shifting the 
transition point from about r/d2.5 to r/thl.B 2.1, the outer" peak reported 
by Gardon and Akfirat [ti. 
As for the effect of nozzle-to-plate spacing on local mass transfer, the 
central minimum at the stagnation point was found to disappear at z/d>5 for 
Re=20,000. it is explained that as the turbulence mixing region reaches the 
central part of the free jet, mass transfer in the vicinity of the stagnation point 
is enhanced. In consequence the outer" peak diminishes resulting in monotonic 
distribution of radial transfer rates. 
It should be mentioned that Popiel and Trass used Sc=1.97 at 25 
degree C for their system instead of Sc=2.5 as used by many others previously. 
Their value of Schmidt number for the air/naphthalene system is apparently 
based on a new measured value of the diffusion coefficient, which is about 
26% higher than that used previously. Thus Popiel and Trass' correlations 
,eq.(2.37) and (2.38), based on Sc= 1.87 would produce stagnation mass transfer 
data that are at least 10% lower than those given by correlations based on 
Sc2.5. Popiel and Boguslawski found that their correlations were significantly 
lower than those proposed by Dyban and Mazur for turbulent round jets with 
initially uniform velocity profiles, eq.(2.13) for low z/d and different for high 
values of z/d due to dissimilarity of the power index of Re in eq.(2.17) 
and their 
correlation in eq.(2.23). The heat transfer results of Obot at al were found to 
be lower than theirs, which was attributed to probable inaccuracy of local heat 
transfer measurements of Obot at al. Popiel and Boguslwaski found their data 
to agree very well, but for a limited range of data, with the experimental 
stagnation data points extracted from Chia's thesis (601 for Re=34,000 and 
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distances in the range 3_<z/d2 0 . 
Comparison of Average Transfer Rates Between a 2-0 Plane Jet And a 
3-0 Axisymmetric Jet 
The correlations derived by Martin to obtain average transfer 
coefficients between a flat surface and a plane slot let, or an axisymmetric jet, 
can be compared. The correlation for the single slot let to determine average 
transfer coefficients over a flat transferring surface of radii in the range 
24r/de425 and valid for 24z/deC10 and 3,000411eC90,000 is given by Martin 
[1]; 
Nu/Pr°42 = Sh/Sc 042  
[1.53 /(r/de 4- z/de + 1.39) 1 Rem 	 (2.42) 
Where m is found from; 
m = 0.695 - [ r/de + (z/de) 133 + 3.06 1-1 
	
(2.43) 
For z/de=2 and Re 10,000, based on equivalent diameter, and with transfer 
coefficients averaged over an area of radius r/de4 the average transfer 
coefficient for the axisymmetric jet is found to be about 13 percent higher than 
that for the plane jet. 
2-3. Previous Works on Mass Tranfer by Holographic Interferoflietry 
Holographic interferometry (H.l) can be employed as a technique in 
various studies from flow visualisation to stress analysis. A general account of 
the engineering uses of H.I. can be found in the literature [611 and Vest [621 
gives an account of different applications of this technique including its use in 
heat and mass transfer measurements. Since the early 70s H.I. has been 
increasingly used in mass transfer studies owing to its simplicity, high 
precision and comprehensiveness. 
Kapur and Macleod [26] were the first to measure mass transfer rates 
by H.l., using this method of measurement in conjunction 
with their previously 
developed 	swollen 	polymer technique 	for profilometric 
estimation . 	Double 
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exposure H.I. was used to measure local mass transfer rates at a flat plate 
coated with a swollen polymer and exposed to a laminar round air jet. Kapur 
[15] extended this work to turbulent free jets and to the study of mass transfer 
in a duct in laminar and turbulent flows. Application of double exposure H.I. to 
various flow situations has been discussed by the same authors (631. 
Kapur and Macleod (27] also applied their swollen polymer method 
using H.I. to determine vapour pressures of certain high-boiling liquids such as 
ethyl salicylate, which might be used as suitable swelling agents. This was 
done by using the laminar wall-jet theory of Scholtz and Trass (101, eq.(2.4). 
Masliyah and Nguyen (64] used the vapour pressure data of ethyl 
salicylate reported by Kapur and Macleod to measure mass transfer rates from 
a flat surface due to an impinging square jet of air by the swollen ploymer 
method and double exposure H.I. In similar experiments [43] mass transfer due 
to an impinging slot jet of air were measured by the same authors. Law and 
Masliyah [65] used a combination of double exposure and real time H.I. to make 
mass transfer rate measurements on a flat surface due to a confined impinging 
two-dimensional jet. The use of real time H.I. was, however, limited to a 
qualitative purpose. 
Hay et al 1661 and Saluja at al 1671 used double exposure H.I. and the 
swollen polymer method to obtain heat transfer data from mass transfer rate 
measurements on a flat plate subjected to film cooling. In practice such data 
would be used in the design of gas-cooled turbine blades. 
In all the reports mentioned so far, ethyl salicylate was used as the 
swelling agent; and its vapour pressure was determined from eq.(1.15). As it is 
now known that the correct vapour pressure of ethyl salicylate is 25% lower 
than that given by eq.(1.15), the mass transfer coefficient data published in the 
above reports should be corrected accordingly. Isobutyl benzoate as a swelling 
agent for the swollen polymer method has been successfully used in the past 
(15,68] to carry out profilometric measurements of mass transfer rates in 
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rectangular ducts by double-exposure H.l. 
Gross-Wilde and Uhlenbusch [221 used double-exposue H.I. to measure 
local sublimation rates of pure camphene, deposited as a glassy transparent 
solid coating, from a flat plate due to forced and natural convection. 
It may be worth mentioning here that as an alternative to the 
H.I. technique, Electronic Speckle Pattern InterferometrV [691 may instead be 
employed for use with the swollen polymer method. 
Saluja et al [70] have recently used this real time technique to 
determine local mass transfer coefficients on a flat plate on which a jet of air 
impinges. The correct vapour pressure of ethyl salicylate reported by Paterson 
et al [281 was used to calculate mass transfer coefficients in the wall jet region 
of the flow field. High uncertaintyof about 25% in the reported data, however, 
did not allow a proper comparison with the theoretical equation of Scholtz and 
Trass, eq.(2.8), to be made. 
It should be pointed out that the original work of Kapur and Macleod 
[261 was intended to verify the absolute accuracy of mass transfer 
measurements by holographic interferometry in conjunction with the swollen 
polymer technique. Such verification was apparently obtained through the close 
agreement of wall-jet transfer measurements with those predicted by eq.(2.8) 
of Scholtz and Trass [101, based on vapour pressure data from eq.(1.15). But as 
these data are now believed to be erroneous and as no other attempts to 
calibrate the holographic technique have been made, its absolute accuracy 
cannot be regarded as established, though several workers have confirmed its 
value for relative determinations of local transfer rates. 
Chapter 3. 
HOLOGRAPHIC INTERFEROMETRY 
This chapter begins with a discussion of the principles of holography 
and its development for use in interferometric measurements. A concluding 
chapter deals with the absolute measurement of local mass transfer 
coefficients using real time holographic interferometry. 
3.1. Holography And Its Principles 
Ordinary photography is a process of recording an illuminated 
three-dimensional object as a two-dimensional image on a light-sensitive 
surface. When ordinary incoherent light is shone through the photographic 
transparency, the eye sees only a static two-dimensional image of the original 
object This is because the image contains information only about the 
amplitude (or intensity) of the waves emanating from the object In 
holography, however, which is photography by wave-front reconstruction [711, 
instead of an image of the object the reflected light waves (object waves) 
themselves are recorded. The record is a hologram consisting of a hodgepodge 
of specks resulting from the Interference of spherical object waves and plane 
reference waves at the recording medium. Each speck contains, in the form of 
an optical code, some local information about both the amplitude and phase of 
the wave scattered from the object and the hologram as whole, therefore, 
contains complete information about the object. 
The recorded information can be decoded by the process of 
illuminating the hologram by plane reference waves propagating in the same 
direction as during the recording process. The subsequent diffraction of the 
waves by the hologram generates spherical waves that are identical to the 
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initial object waves, enabling the viewer, looking through the hologram, to see 
all the initial appearances of the object as if the object itself were present and 
unperturbed. 
This process, called wave-front reconstruction, was conceived by 
Gabor in 1947 [721 while working to improve the resolving power of electron 
microscopy. 
Holography differs from photography in basic optical principle in the 
following ways. 
In holography no image is formed and no lens or image-forming 
device is used. Instead, the optical system is arranged so that 
each point on the recording medium receives light from the 
entire object 
The object is illuminated by a coherent source of light, the rays 
falling on it being called the object beam. 
A reference beam, which is part of the coherent light from the 
same source, is used to illuminate the recording medium at the 
same time; and, subsequently, to reconstruct the appearance of 
the object from the developed record. 
3.1.1. Holographic Recording of an Interference Pattern 
Light waves are described by their amplitude and by their phase. When 
a light ray is scattered at a point on the surface, points of the same amplitude 
in the rays or trains of the resulting reflected waves travel outward from their 
origin, defining the surfaces of ever expanding concentric spherical shells, 
called wave fronts. Every point in the reflecting object surface scatters the 
impinging plane waves, generating a complex and irregular reflected wave 
pattern that can be regarded as the sum of many such sets of spherical waves, 
each set concentric about its point of origin on the object. This irregular 
refleted-wave pattern containing the complete information about the object is 
recorded on a 	light 	sensitive 	recording 	plate. 
To capture the wave pattern 
completely, both the amplitude and the phase of the waves 
must be recorded 
at each point on the recording surface. 	Any 
photographic recording medium 
records 	light amplitude 	by 	converting 	it to 
corresponding variations 	in 	the 
opacity of the recording emulsion. Phase relations, however, cannot be 
recorded directly on any known recording medium and an appropriate 
technique is required to convert these phase relations into amplitude relations 
so that they can be registered. 
The standard technique used to convert phase relations into 
corresponding amplitude relations is as follows. The irregular wave pattern 
reflected from the object is arranged to interfere with plane reference waves 
yielding an interference pattern, the irregularity of which is related to the 
irregularity of the pro-interference wave fronts. Variations in amplitude of the 
object waves correspond to variations in the contrast of the recorded fringe 
pattern and variations in the phase of the object waves correspond to 
variations in the spacing of the fringes on the record. As a result both the 
amplitude and the phase of the object waves can be preserved respectively as 
modulations in the contrast and spacing of the recorded interference fringes. 
After the interference pattern has been recorded and then developed, 
there results a hologram. 
3.12 The Hologram as a Diffraction-Grating in Wave-Front Reconstruction 
A hologram is in fact a grating with irregular slits. This property 
enables it to generate a well-defined image by diffraction in the reconstruction 
process. When a grating consisting of uniformly spaced slits is illuminated 
with a collimated beam of coherent light, the interaction of the light with the 
grating structure generates a number of plane waves. These waves are 
radiated at various angles, which are determined by the spacing of the slits in 
the grating. The zero order wave propagates in the same direction as the 
incident wave and can be regarded as an attenuated version of the incident 
wave. In addition, there are the two 'first order diffracted waves, one on each 
side of the zero order wave. Beyond these occur the second, third and higher 
order diffracted waves. 
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With a hologram, where the grating structure is non-uniform, the local 
variations in spacing of slits (or rather windows in this case) give rise to 
corresponding variations in the direction of the diffracted waves. Likewise, 
local variations in the contrast or amplitude of the recorded interference fringe 
pattern are passed on as local variations in the amplitude, or intensity of the 
diffracted wave. Since these fringe irregularities are produced by local 
variations in the amplitude and direction of the object wave fronts, the local 
perturbations of the diffracted wave fronts are precisely those on the original 
object wave fronts. 
There are thus three steps in holography: (a) Reflection, or scattering, 
of the waves from the object surface; (b) Their interference with the plane 
reference waves at the recording medium surface; and (c) Diffraction of the 
reference waves by the developed record or hologram, resulting in the 
reconstruction of the original object wave front and appearance of the object. 
The two sets of first order diffracted waves produced by the hologram 
are each an exact replica of the waves that issued from the original object. 
These waves differ from each other in one important aspect One diffracted 
order consists of waves that, when projected back toward the illuminating 
source seem to emanate from an apparent object located where the original 
object was located. These waves produce a virtual image. The other first order 
diffracted waves are the conjugate of the original waves: originally diverging 
spherical waves from an object point are converted into converging spherical 
waves. These waves produce a real image of the object. 
In Gabors pioneer technique, called in-line holography, where the 
object and reference waves propagate in the same direction, the three 
diffracted sets of waves overlap producing a low contrast noisy image. This is 
unattractive for interferometric applications. Also a technological constraint 
regarding the availability of an adequately coherent source of light hindered 
progress in the use of the wave-front reconstruction technique until the 
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discovery of laser in 1960. 
Development of the technique of off-axis holography by Leith and 
Upatnieks 1731 in which the object and reference waves were arranged to 
propagate in different directions, allowed spatial separation of the diffracted 
waves in the process of the wave-front reconstruction to form noise-free and 
high contrast images. This, along with the invention of the laser as a highly 
coherent source of light, paved the way for the application of holography in 
interferometric studies. 
3.1.3. Optical Requirements 
Holography requires that the light used be coherent, a property lacked 
by ordinary light. There are two kinds of coherence -temporal and spatial- both 
of which are required for wave-front reconstruction. Temporal coherence, or 
monochromaticity, is required because the fringe pattern generated by 
interference is a function of the wavelength of the illumination. The spatial 
coherence requirement means that the light must be supplied from a point 
source of wave trains consistent in phase over long distances in order to 
obtain a fringe pattern. The laser in these respects is greatly superior to 
traditional sources of light (e.g mercury-arc lamp) because of its highly 
monochromatic output beam and extraordinary spatial coherence. Further 
conditions must be satisfied in the optical circuit used, before holograms can 
be made. 
3.1.4. Optical Circuit 
In a basic optical arrangement for holographic interferometrv, the 
beam emerging from the laser is split by a beam splitter. One beam is the 
reference beam, which is directed to illuminate the recording medium and later 
to reconstruct the recorded wave front, and the other is the object beam 
directed along a path different in direction, but nearly equal in length, to the 
reference beam, to illuminate the object surface. With the path lengths of the 
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two beams nearly equal, or at least well within the coherence length of the 
laser (70.1 cm [741), the recording surface is said to be in the first coherence 
plane. 
Another necessary condition is the correct value of the intensity ratio 
of the reference beam to the object beam. This ratio, which in classical theory 
should be equal to 1 1, may vary frdm one holographic system to another 
mainly due to the optical sensitivity requirement of the recording medium used; 
but in practice it must always exceed unity, usually by a large factor. In the 
case of the thermoplastic recording medium used by us this ratio is 10-12 1 
[75]. Consideration of the optimal spatial frequency for the recorded fringes 
that constitute the hologram introduces another constraint in the optical 
arrangement. This is the angle between the reference and the object beam, 
which should be about 31 degrees [75] when using thermoplastic as a 
recording medium. 
3.1.5. Optical Resolution 
The optical resolution of the holographic recording medium limits the 
spatial frequency of the interference fringes that it can register as the 'grating' 
elements of the hologram. The fringe spacing is determined by the wavelength 
of the laser light used and the angle between the object and reference beams; 
if this angle is too large for a given light wavelength the spatial frequency of 
the fringes will exceed the resolution of the recording medium, and no 
hologram can be registered. Spatial frequency of 800 fringes per millimetres 
[751 for the thermoplastic recording medium in our holographic system allows 
the use of an angle as large as 31 0  between object and reference beams of 
He-Ne laser light. 
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32. Types of Holographic Interferornetry 
There are several types of holographic interferometric techniques, 
which can be referred to in the literature [62,691. This section deals with the 
types most widely used for mass transfer investigations in the past; 
double-exposure H.I. and real-time H.L. The latter, used in the present work, has 
had limited application in the past mainly due to difficulties encountered in in 
situ development of holograms by conventional photographic methods. 
32.1. Double-Exposure H.I. 
In the double-exposure technique, an interferogram is obtained when 
two holograms, corresponding to two different states of the object, are 
superimposed on each other by development on the same holographic plate. 
In our application, a hologram of the polymer-coated object swollen in 
a swelling agent is made. Then, the object is subjected to the experimental 
fluid stream for a desired duration which causes the coating to undergo 
recession, at the end of which a second hologram is made. The subsequent 
reconstruction of the two superimposed images reveals the degree of the 
surface recession as an interferogram, a pattern of fringes in a form similar to 
the contours of a topographic map. 
Double-Exposure holographic interferometry is, however, inherently 
disadvantaged by the fact that the location of the zeroth-order fringe must be 
known in advance to allow the allocation of fringe order to the fringes present 
in the interferogram. 
Previous researchers [26,43,641 identified fringe orders by relating their 
experimental results to analytical solutions. For instance, in the case of a 
laminar impinging jet on a the flat plate the analytical solutions of Scholtz and 
Trass [10], eq.(2.8), were used to identify the order of the outermost fringes of 
the interferogram. In situations where no analytical solutions were available it 
would be impossible to use this method to assign correct fringe orders. 
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Without such assignments the doubly exposed hologram alone does not allow 
absolute, or even relative, values of local transfer coefficients to be estimated. 
3.2.2. Real-Time H.I. 
In this technique interference fringes are generated as the 
polymer-coated object undergoes recession in real time. First a hologram of 
the initial state of the object is made Then, the object is subjected to the 
experimental fluid stream while being viewed through the hologram. As the 
coating departs from its original configuration, fringes are produced due to 
interference of the reconstructed image of the initial condition of the object 
with its instantaneous configuration altered by mass transfer. 
In principle, this method eliminates the requirement for any 
independent knowledge of the location of the zeroth-order fringe, because 
fringe order can be evaluated by determination of the rate of production of 
fringes at a particular location in the fringe field at any time within the 
constant rate period. 
Real time H.I. requires speedy processing of the initial hologram to 
minimise possible occurence of undesirable mass transfer due to natural 
convection. This requirement is not fulfilled by the traditional in situ chemical 
processing of photographic holograms [15] involving skill-demanding and 
time-consuming procedures. Instead a novel proprietary the . rmo-electrical 
processing method is used in this work, allowing speedy and convenient in situ 
processing of holograms on the thermoplastic-photoconductor recording plate. 
Use of thermoplastic-photoconductor devices for holographic recording dates 
back to 1960s [761. Since then they have received more attention as recording 
media because of their relative high sensitivities, efficient holograms and 
record-erase capabilities. 
Real time H.I. in the present work was employed in two ways involving 
two different optical arrangements; 
Mj 
Front viewing (F.V.) method, 
Total internal reflection (T.l.R.) method. 
A schematic diagram of the optical arrangement with the F.V. method is given 
in Fig.3.1 and Fig.3.2 shows the arrangement used with the T.LR. method. 
Each method has advantages over the other. The F.V. method allows 
inspection of large surface areas and offers a better fringe contrast than the 
T.I.R. method, but it is disadvantaged by the fact that the mass transferring fluid 
intersects the optical path, giving rise to fringe instability. The T.I.R. method, 
on the other hand, minimises fringe instability from the latter cause, but the 
surface area viewed is limited by the size of the prism used. 
Relationships between optical pathlength change and test surface 
displacement for both methods are shown in Appendix (Ill). 
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Fig.3.2 Optical Arrangement for Holography by Total 
Internal Reflection Method 
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3.3. DETERMINATION OF MASS TRANSFER COEFFICIENT FROM MEASUREMENT 
OF RATE OF FRINGE PRODUCTION 
Local mass transfer coefficient is determined from the rate of local 
recession of the polymer coating. The recession is related to optical path 
length change of the object beam by [261; 
6=AIC 
	 (3.1) 
Where S is the distance of surface recession, A is the optical path length 





Where N is the absolute fringe order, the number of the fringe in order of 
formation; dark fringes accordingly having odd numbers, light fringes even, and 
A is wavelength of laser beam. 
On the assumption that the relatively soft polymer coating is thin and 
sufficiently strong bonded to the rigid substance to suffer no significant change 
in superficial area A on shrinkage, the volume change over the fixed area A due 
to recession 6 is given by Ad. Assuming additivity of volumes of polymer and 
swelling agent, it follows that the mass flux, j, of swelling agent is related to 6 
by [191; 
j = 60 /t 	
(3.3) 
 
Where p i5 density of the swelling agent and t is the time for recession to 
reach the magnitude S. 
Substituting (3.1) and (3.2) gives; 
j = (pX/2C) Nit 
	 (3.4) 
Mass flux is proportional to concentration driving force between the polymer 
coating surface and the fluid bulk. Thus, 
k M (C -Cb) 
	 (3.5) 
Where concentrations are in moles per litre and M is molecular weight of the 
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swelling agent 
In a forced-convection situation such as ours, where the mass flow of 
the air over the surface is very large compared with that of the swelling agent 
from the surface, the concentration in the fluid bulk, Cb, can be taken to be nil. 
As the surface can be assumed to be saturated with the swelling agent during 
the constant rate period, the concentration driving force can be replaced by 
that equivalent to the vapour pressure of the pure swelling agent. For an ideal 
gas mixture; 
pv = n R I 
or C = P / RI 
Where P is the partial pressure of the swelling agent in the air immediately 
adjacent to the surface and R is the Universal Gas Constant. 
The vapour pressure, t of the swelling agent can be substituted for 
its partial pressure in the air adjacent to the surface and at equilbrium with it. 
So the mass flux is now given by; 
IkMP/RT 	
(3.7) 
Equating (3.4) and (3.7) gives; 
k = (p 5 X/2C) (RT/PM) (NIt) 	
(3.8) 
Hence with knowledge of the physical properties of the swelling agent 
and the experimental constants, local mass transfer coefficient at a point on 
the surface reached by the Nth fringe after time t can be determined. Equation 
(1.7) can then be used to calculate the local Sherwood number. 
It is evident that the mass transfer coefficient at any point can only be 
known when the absolute fringe order, N, at that point is known. Thus a 
reliable method of obtaining local fringe order is needed. 
Absolute Fringe Ordering Method 
In our first experiments with this real time system, we attempted to 
evaluate absolute fringe orders as follows. 
1. First, time-averaged fringe production rate was determined in 
(3.6) 
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real-time at a reference point in a region of the fringe field over 
which the radial variation of transfer rate was known to be 
monotonic. This gave the time interval for the passage of two 
consecutive dark fringes through the reference point. 
Next, a fixed fringe pattern corresponding to a known elapsed 
time within the constant rate period was obtained from a 
continuous video record, frozen at a convenient frame,suCh that 
a dark !ringe  lay on the reference point. The elapsed time for this 
frozen fringe pattern was registered on the video screen by a 
time-date generator. Frpm this elapsed time, together with the 
known dark fringe time interval at the reference point the fringe 
order at that point in the frozen fringe pattern could in principle 
be found. 
Finally, from knowledge of the fringe order at the reference point 
the other dark fringes in the pattern could be ordered 
appropriately. The local minima and maxima observed in 
real-time as centres of fringe sink and fringe source 
respectively were assigned orders with repect to the fringe 
nearest to them. 
This method, however, assumes that all fringe movements are 
perfectly regular and steady. Infact, however, we find that the fringes waver in 
their advance across the field of view. This can cause significant overestimation 
of the fringe order particularly in high velocity turbulent jet flows as 
determined in the above way. Consequently, an alternative method was used. 
In this, from the commencement of mass transfer and of the real-time video 
recording the course of the fringes is followed continuously by the eye. Thus, 
the actual fringe order at the reference point is determined by direct counting. 
Other fringes are then ordered accordingly in a fixed fringe pattern obtained 
after a convenient elapsed time. Once the fringe order is known for a 
particular fringe, together with the elapsed time, the corresponding local mass 
transfer coefficient can be determined from eq.(3Z) when A, C and the property 
constants are known. 
This method for determining N was successfully used in virtually all 
experiments in the present work. Some operating difficulties and further 





The equipment used in this research work falls into three categories 
(a) Mass transfer apparatus, (b) Holographic processing apparatus and (c) 
Recording and Analysis apparatus. 
4.1. Mass Transfer Equipment 
The mass transfer equipment consists of the test object test object 
holder, air tubes and nozzles, air supply and rotameters, and a thermometer. 
4.1.1. Mass Transfer Surface 
The test object is a diffusely reflective flat aluminium alloy plate 20 
cm by 20 cm coated with transparent silicone rubber polymer. The thickness 
of the coating is in the range 0.3-1 mm. The plate is positioned on a 
six-contact-point kinematic mount to ensure its position remains the same 
during the making of a hologram and the mass transfer experiment. 
In most of the experiments; Run I to 250, the coated side of the 
substrate plate forms the holographable surface of interest Interference 
fringes at any given point on the metal surface register thickness changes in 
the overlying coating at that location due to loss of swelling agent there. This 
method may be called the front viewing method. A schematic diagram of this 
method is shown in Fig.3.1 and Fig.4.1 shows the actual optical arrangement 
used. 
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In the last twenty experiments; Run 251 to 279 the total internal 
reflection method was used. In this method the holographable surface of 
interest is the outer surface of a transparent swollen polymer coating applied 
to the hypotense of a glass prism inserted, and secured by means of screws, 
into a housing cut in similarly coated aluminium alloy flat plate such that the 
plane of the prism coating is flush with that of the plate. A schematic diagram 
of the total internal reflection method is shown in Fig.3.2 and Fig.4.2a shows 
the actual overall optical arrangement. The optical devices are basically the 
same as those used with the Front View method shown in Fig.4.1; but in the 
Total Internal Reflection method the recession of each point in the mass 
transfer surface is registered directly as a change in geometrical path length, 
whereas in the Front Viewing method the fringes register changes in optical 
path due to changes in thickness of small regions of the high refrative index 
coating centred on each designated point on the substrate. Fig.4.2b shows the 
close up section of the prism illuminated by the expanded object beam. 
Ray diagrams showing the interaction of the object beam with the test 
body for each of these methods is shown in Ap?tndkxUI) 
7'i- 
Fig. 4.1 Optical arrangement in the Front View method. ( Real time formation of fringes 
can be seen on the TV monitoring screen) 
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Fig. 42a Optical arrangement in the Total Internal Reflection method. ( The 
Holographic Module HC-310 can be seen on top right between the Panasonic TV 
camera and the TV monitoring screen) 
Fig. 4.2b Close up view of the prism used in the Total Internal Reflection method. (The 
Thermoplastic plate HC-301 positioned on the HC-310 holder can be seen on the 
bottom right) 
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4.1.2.. Nozzle Design 
Two alternative nozzles are used to form the impinging air jet: a 
converging quarter-elliptical perspex nozzle 0.952 cm diameter at exit, preceded 
by a calming tube 45.'7,,'cm long and 2.54 cm in diameter, referred to as the 
contoured nozzle; and a straight round tube of 0.635 cm inside diameter, 30 cm 
long, with plain square-cut outer end. This is referred to as the plain nozzle. 
Fig.43a and 4.3b show the side and end-on view of the exit section of the 
nozzles respectively; a dimensioned sketch of the quarter-elliptic contoured 
nozzle is shown in Fig.4.3c. A magnetic-base stand is used to hold these tubes 
in position such that the nozzle axis is perpendicular to the plane of object 
surface at any desired distance from it. - The magnetic base of the stand sits 
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Fig. 4.3a Top view of the plain tube nozzle (d=0.635 cm) and the contoured 
nozzle (d=0.952 cm 
Fig. 43b Front view of the plain and the contoured nozzles 
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Fig. 4.3c Schamatic diagram of the quarter-
elliptical contoured nozzle. 
(Dimensions are in centimeters) 
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4.13. Air Supply and Temperature Measurement 
Mass transferring air is supplied from the laboratory mains via a 
pressure controller and regulator (Schrader Bellows 845998S) fitted with an air 
filter to trap oil and dirt particles greater than 5 microns in size. The air then 
flows via a quarter -turn valve through either rotameter R192267 with air flow 
rate range of 10 to 100 litres/minute or rotameter R771025 with thó range of 2 
to 20 litres/minute. Both rotameters were calibrated according to standard 
procedures described in Section 5.7. 
The supply air temperature is measured by a mercury in glass 
thermometer, calibrated by its manufacturer (Gil Zeal Ltd. U.K.) against a Works 
Standard Thermometer, itself checked against a B.S.I. standard. The same 
thermometer gives the room temperature prior to the start of an experimental 
run. 
4.1.4. Swelling Agents Used 
- 	The swelling agents used are n-tetradecane, 1-methyl naphthalene 
both supplied by Aldrich Chemical Co., U.K. and ethyl salicylate supplied by 
B.D.H. Chemicals Ltd U.K 
Ethyl salicylate and 1-methyl naphthalene have similar physical 
properties and are more volatile than n-tetradecane. The physical properties of 
these swelling agents are given in Appendixes (V-VII). 
4.2. Holographic Interferometric Equipment 
The holographic equipment used in the experiments during the course 
of the research is designed, manufactured and marketed by Newport 
Corporation, Fountain Valley California [77]. 
The heart of the system is the Thermoplastic Recording Device (HC 
310) which eliminates the long hours and skill-demanding technique associated 
with conventional chemical photographic processing methods. The holographic 
equipment consists of 
Holographic Recording Device (HC-300), 




Beamexpander/Spatial Filter and 
Steering Mirrors. 
HC-300 and NC-SOC are shown in Fig.4.4 and all other components form parts 
of the overall optical arrangement shown in Fig.4.1 and 4.2a. 
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Fig. 4.4 Holographic Camera Controller HC-320), System Controller (HC-500) and 
Panasonic Video Recorder (VHS). 
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4.11. Holographic Recording Device HC-300 
The Holocamera recording device includes [75,771; 
- the HC-320 electronics module, which controls and conducts the 
entire holographic process. 
- the HC-310 camera module, which holds the photosensitive 
thermoplastic plate and the components necessary for hologram 
processing and performs the entire holographic process. 
- The HC-301 photosensitive thermoplastic plate, on which a hologram 
is recorded. 
4.11.1. Thermoplastic Plate HC-301 
The thermoplastic plate is 3 cm by 3 cm in active area and is 
composed of four layers. The substrate layer is quartz coated with a thin layer 
of a transparent indium-tin-oxide conductor. The next layer is a 
photoconductive organic polymer, polyvinyl-carbozole one micron in thickness, 
doped with a small amount of trinitro-fluorenone to render it sensitive in the 
visible spectrum. The fourth layer is a thermoplastic 0.7pm thick, which can 
repeatedly soften when heated and harden when cooled. Metal electrodes are 
attached to either side of the transparent electrode to allow earthing of 
electrical charges and passage of heating currents. The plate is placed in the 
plate holder of the holocamera with the thermoplastic side facing the incident 
light. The thermoplastic plate can be seen in Fig.4.2b. 
4.2.1.2. Camera Module (HC-310) 
The Camera Module shown in Fig.44essentiall'1 consists of; 
- the thermoplastic plate holder, 
- motor driven corona charging system, 
- a small incandescent bulb to illuminate the thermoplastic plate at the 
start of a holographic process, 
- large electrolytic, capacitors in which erase and develop energies are 
stored, and 
- optical monitoring system to control erasure and development. 
4.2.1.3. Holographic camera controller (HC-320} 
This electronic module contains an operating panel, control logic and 
power supplies. It controls the processes involved in making a hologram. The 
unit can be operated in automatic or in manual mode. In the automatic mode, 
which is the mode used in all our experiments, the unit sequences the camera 
through the entire hologram-producing processes automatically. In the manual 
mode the buttons on the front panel of the unit are pressed by the operator to 
initiate each step in the hologram-producing process individually. In either 
mode, timing of the exposure during a hologram-producing cycle can be 
controlled by the operator or by an accessory timing unit system i.e. the 
System Controller (HC-500). A HC-500 is connected to the HC-320 so that for 
any exposure energy required the correspoding exposure time is automatically 
determined. 
4.2.2. Holographic System Controller HC-500 
This unit operates [78] the holographic recording device (HC-300), 
controls the object and reference beam shutters, calculates the beam intensity 
ratio and monitors the energy during exposure. 
The HC-500 includes the control unit, two model 846-HP shutters on stands, a 
ratio detector (HC-302), a power detector module, a detector pre-amp and all 
the cables needed to interface to HC-300. 
When all the connections have been made between HC-500 and 
HC-300 and a suitable optical circuit is arranged on a vibration-free table, one 
can then proceed to make holograms. 
4.22. He-Ne Laser 
Holograms were made in the present work using a Spectra-Physics 
Arlamite 124A continuous wave He-Ne gas laser. The helium-neon gas laser is 
popular with hologram makers because of its cheap availability and convenient 
operation. Laser light is emitted at the red region of the visible spectrum at a 
wavelength of 632.8 nanometres. The nominal power of such a laser is 14 mW, 
but because our laser had had its tube refurbished its output power during the 
entire experimental period was substantially higher at about 40 mW. 
The coherence length of the gas laser, being 70.1 cm [74], limits the 
size 	of the holographable 	surface. The 	size 	of the 	
test surface under the 
present investigation is such that this holographic criterion 
is met. In 	Fig.4.1 
the beam-exit-section of the He-Ne laser tube can be seen on the bottom left 
of the picture. 
4.2.4. Beamsplitter 
A variable attenuator beam splitter model 930-63, supplied by Newport 
incorporating a polarising beam splitter cube was used to split the laser beam 
into two components: reference and object beams. 
A knob on the device allowed manual rotation of the cube resulting in 
linear division of the input beam intensity. Subsequent automatic measurement 
and display of the beam intensity ratio by HC-500 indicated whether further 
knob-adjustment was needed in order to give the required ratio. In Fig.4.1 the 
beam splitter is shown in the bottom left of the picture, which splits the 
unexpanded laser beam entering it subsequent to its emergence from the laser 
tube. 
4.2.5. Steering Mirrors 
The mirrors were standard front-silver coated pieces with springs and 
adjusting screws to allow steering of the laser 
beam in the required direction. 
Such mirrors can be seen in use in Fig.4.1 and Fig.4.2a for Front View and Total 
Internal Reflection holographic set-up. 
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4.2.6. Beam Expander/Spatial Filter 
Two filters, model 900, as supplied by Newport with corresponding 
objective lens, were used for beam expansion and its subsequent filtration. The 
device allowed convenient alignment of the expanded laser beam with the 
pinhole. Two model 900 filters are shown in use in Fig.4.1. One is positioned at 
the end of the unexpanded reference beam, which can be traced on the 
left-half of the picture. The other is on the right-side of the picture, from 
which the object beam can be seen to expand with subsequent illumination of 
the swollen-polymer coated flat plate. 
4.2.7. Optical Table 
The optical table measuring 2.5 m by 1.25 m nominal supplied by 
Newport is a rigid steel table top of deep hollow honeycomb-filled construction 
resting on four legs. The internal air pistons of the legs effectively isolate from 
external vibration the table top on which optical components are arranged for 
holography. The optical table can be seen in Fig.4.1 and 4.2a. 
4.3. RECORDING AND ANALYSIS EQUIPMENT 
This equipment includes a Panasonic TV camera model WV-1550/13 
equipped with a 25 mm focal length lens, mounted on a suitable stand such 
that the lens axis is at about 20 cm above the optical table-top. A Panasonic 
Time-Date generator WJ-810, a Panasonic video cassette recorder, VHS, 
NV-370 and a TV monitoring screen, Melford Electronics DU1-15, complete the 
system. The experiments were recorded on 180 minute video tapes. 
The TV camera, focused on the mass transfer surface through the 
holographic plate holder of the holocamera, receives the laser wavefronts 
corresponding to mass transfer fringes localized just in front of the plane of 
the object surface and converts them accordingly to electrical signals. The 
signals are then fed into the Time-Date generator, which adds time and date 
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previously set by the experimenter onto the signals and then to the video 
recorder. They can be simultaneously viewed on the screen of the TV monitor, 
which converts the electrical signal back to the original visual form. A 
transparent scale is placed on the TV screen to aid manual measurement of 
rate of fringe production, determination of fringe order and fringe localisation 
at a reference point. In Fig.4.1 the T.V. camera is shown on the upper-right of 
the picture positioned behind the holographic plate, HC-301, on the optical 
table. The N monitor is seen on the upper-end of the picture at some 
distance from the optical table. The Time and date generator, positioned above 
the monitor, can also be seen. 
4.4. MAKING A HOLOGRAM 
A hologram-producing cycle consists of three separate processes; 
- ERASE, during which any previous hologram is removed from the 
thermoplastic, 
- EXPOSE, during which the thermoplastic is exposed to an optical 
interference pattern to make a new hologram and 
- DEVELOP, during which the thermoplastic is first softened by the 
heating current and then deformed by the electrostatic charge 
distribution produced in the expose process. 












Fig. 4.5 Thermo-electric steps in recording a 
hologram on a Newport holographic plate, HC-301. 
(Dimensions are exaggerated for clarity) 
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4.4.1. Erase Process 
There are three steps in this process; 
White light illumination step, 
erase heating current step and 
cooling step. 
First the thermoplastic is exposed to intense white light from a small 
incandescent bulb within the camera housing. This light activates the entire 
photoconductive layer and the remaining charges from the previous hologram 
are uniformly discharged. The illumination light is turned off when the erase 
voltage, preset by the control logic, is reached. Then a heating current, with a 
total energy of 65 joules delivered in a single 100 ms pulse, supplied by large 
electrolytic capacitors charged to 295 volts set by the control logic, is passed 
through the transparent electrode. As a result the temperature of the 
thermoplastic is raised to about 90 °c, at which the thermoplastic softens and 
flows under the effect of surface tension into a smooth, ripple-free surface. 
The erase energy is monitored by a LED-detector system; the heating current 
is terminated 75 ms after this system has stopped detecting diffracted light 
from the previous hologram on the thermoplastic. If for some reason the erase 
is unsuccessful, the fault light on the controller panel glows and the cycle is 
aborted. 
After the thermoplastic has been heated and softened, the 
thermoplastic is cooled for about 20 seconds by an oil-free nitrogen gas jet 
blowing across its surface from a supply controlled at about 7 bar, derived 
from a laboratory nitrogen cylinder. 
4.4.2. Expose Process 
The expose process involves the following steps; 
First corona charging 
exposure. 
The coronatron, containing a high voltage wire electrode parallel to the 
thernoplastic plate, rises automatically from the camera housing to traverse the 
plate at a short distance from it and charges the thermoplastic layer uniformly 
by the corona effect. From this point on, the thermoplastic is kept in darkness 
since the charged surface is light sensitive. Next shutters in the holographic 
system are released and the photosensitive thermoplastic plate is exposed to 
the superimposed object and reference beams. Exposure time is normally 
several seconds. The complex fringe pattern created by the interference beams 
is reproduced as a conductivity pattern in the photoconductive layer. This 
pattern allows electrons from the conductive layer of the indium-tin-oxide to 
migrate to the inner surface of the thermoplastic layer, producing a charge 
pattern on that surface, and a variable field across the thermoplastic layer. 
After the exposure, the cycle enters the final process, in which a hologram is 
developed. 
4.4.3. Develop Process 
This is the final process in the hologram-producing cycle in which a 
hologram is developed; 
Second corona charging 
develop heating current. 
The develop process immediately follows the exposure process, in 
which second corona charging enhances the difference in field strength 
between the outer and inner surfaces of the thermoplastic layer by increasing 
the charge density on the outer surface. 
Then a current supplied by the large capacitors charged to 260 volts 
by the control logic, is passed through the transparent conductor layer, feeding 
20 joules in 20 ms into the thermoplastic. The heated thermoplastic is 
deformed permanently in a manner corresponding to the spatial pattern of 
charge generated during the expose process. In the illuminated areas where 
electric field is greater, the resulting electrostatic force squeezes the 
heat-softened thermoplastic into a thin layer. In areas left dark during the 
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expose process, on the other hand, the thermoplastic tends to bulge out. The 
relief depth of the resulting thermoplastic is about 0.3 urn peak to peak, 
constituting on rapid cooling a high resolution record of the original light 
intensity distribution. Since this distribution is the result of the interference 
pattern at the recording surface of reference and object-modulated beams 
having at source a fixed and constant phase relation, the record is a hologram. 
The irregularities will diffract light to reconstruct the original wavefront. The 
LEO-detector system determines the exact duration of the heating current. The 
current is turned off when the diffraction efficiency has reached one-half its 
final (predetermined), value [751. 
Upon completion of the Develop process the original object wavefront 
can be reconstructed as a virtual image viewed through the hologram, when 
the hologram is illuminated by the reference beam. 
4.4.4. The Image Reconstruction 
The brightness of the image reconstructed by exposing the developed 
hologram to laser light is determined by the diffraction efficiency of the 
hologram, the figure of merit usually used to express the quality of a hologram. 
The diffraction efficiency of holograms produced by the Newport 
holocamera is typically about 15%, according to the manufacturers. This is 
much higher than that obtained with silver halide plates, which is typically 1% 
or less. 
4.4.5. Optimal Development 
Optimal development can be defined as the point at which there is 
maximum thermoplastic deformation and thus maximum diffraction efficiency. 
When the developing heat pulse softens the thermoplastic layer causing it to 
deform according to the charge pattern,the charge pattern begins to disappear 
as the conductivity of the thermoplastic layer is increased by the increase in 
temperature. In addition, surface tension, which acts against the electrostatic 
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farce to flatten the relief pattern, increases with temperature. Thus the 
development time must be short enough to prevent excessive decay of 
electrical charge pattern, and to minimise the surface tension effect during 
development, thus minimising the consequent reduction in diffraction efficiency. 
Also, the more rapid the heating, the less energy is required, because less 
losses occur. For all these reasons,fast development is desirable. However, in 
order to achieve controlled development the development time must be long 
enough. A thermal coasting effect causing development of the plate by 
residual heat beyond the point of maximum diffraction efficiency, results from 
too rapid a rate of heating and requires consideration as well. 
The amount of heat energy required for optimal development is a 
function of; 
The plate temperature before development begins. 
The intensity of light and the length of time to which the plate is 
exposed. 
The history of the particular plate and the heating rate. 
An increase in plate temperature decreases the energy required for 
development. Higher exposure to light also decreases the energy required for 
development because it increases the charge contrast providing more driving 
force to deform the thermoplastic. As a plate ages, the polymer layers degrade 
gradually, causing both an increase in the development energy required and a 
gradual decrease in the maximum diffraction efficiency obtainable. The heating 
rate determined by the charge in the capacitor also affects the _energv required 
to develop the plate. 
To ensure that the development time is satisfactorily short and to 
achieve consistent diffraction efficiencies, the automatic LED-photodetector 
monitor and control system isused. 
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4.4.6. LED—Photodetector Monitor and Control 
The monitoring system consists of a GaAs light emitting diode,Which 
irradiates the thermoplastic plate, and a photodetector1 which monitors the 
intensity of the light diffracted by the thermoplastic relief pattern during both 
development and erasure. The intensity of the diffracted light is approximately 
proportional to the diffraction efficiency of the relief pattern. Thus, the 
monitoring system provides a means of determining how development or 
erasure is progressing and this information can be fed to a control logic 
system. 
For development, the feedback is set so that development heat is shut 
off when the diffraction efficiency reaches half its final design value 
t741. 
Optimal development time determined experimentally is in the range 15 to 30 
ms and the capacitor voltage is set to ensure that the development time falls 
within this range. 
During erasure, the information from the monitoring system is fed to 
an erasure control circuit This circuit cuts off the erase energy supplied to the 




5.1- Preparation of a Diffusely Reflective Surface 
A 20 by 20 cm flat aluminium alloy plate about 9 mm thick was made 
ready in our work-shop and one face of it was worked with fine sand paper. 
The roughened face was then immersed in a saturated solution of sodium 
carbonate for a few hours to be etched. The plate was then removed, rinsed 
and dried, forming a diffusely reflective surface as opposed to the original 
specularly reflective surface. A reference grid was drawn on the surface in 
order to locate fringes. Three such plates were made to be coated with 
silicone rubber polymer for use with the front viewing method. 
An identical plate was also prepared in the same way for use with the 
total internal reflection method. A prism with hypotenuse of 9 cm in length 
and 8 cm in width was used for this purpose. Prior to use anti-reflection 
coating was applied to the prism. A 9 cm by 6 cm opening was machined out 
from the central region of the plate such that a prism could be inserted into 
the housing with its hypotense flush with the plate surface. The prism was then 
secured by a set of clamping screws. 	 - 
5.2.. Polymer Coating of the Object Surfaces 
The diffusely reflective flat plates were coated in the following manner. 
First the clean and oil-free surface was primed with a silicone primer and 
allowed to dry. Next, a temporary fence or dam was fitted around the edge to 
contain the liquid resin to be poured on to the surface. Then a known amount 
of silicone rubber polymer, RTV615A, corresponding to the required thickness of 
the coating was weighed in a glass beaker. 10% by weight of the curing agent 
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was added and the two-component mixture was gently and thoroughly stirred 
to obtain a uniform mixture, but gently so as to minimise air entrainment. The 
mixture was then smoothly poured over the object surface, positioned on a flat 
work-table. Finally, the coating was allowed to solidify at room temperature for 
about 24 hours before removing the object from the work-table. Shorter 
curing times could be obtained by placing the freshly-coated surface in an 
oven at about 60 °C. 
All the three plates were polymer-coated, each to be used for different 
swelling agent. The plate fitted with the prism was coated for use with 
n-tetradecane. The coating thickness cast was typically in the order of 1 mm. 
5.3. Swelling of the Polymer-Coated Surfaces 
Once the polymer coated surface was ready, it was immersed in a 
bath of the chosen swelling agent for a few hours to allow the polymer coating 
to swell to equilibrium. 
5.4. Optical Circuit Lay-Out 
For the Front Viewing method, this was as shown schematically in 
Fig.3.1. The He-Ne laser source was positioned along with its exciter and 
power supply at one end of the optical table-top with the emerging single 
laser-beam parallel to the shorter side of the table. Two orthogonal beams 
emerged from the variable beam splitter placed in the single beam one to be 
used as the reference beam and the other as the object beam. The object 
(coated plate) mounted on its kinematic holder and the holocamera (HC-310) 
were both placed opposite to each other at the other end of the table. 
Front-silvered mirrors were used to guide the reference beam on its 
way to the holographic plate-holder section of the holocamera after its 
expansion and spatial filtration by a beam expander and a pinhole respectively. 
The path length of the reference beam from the beam splitter to the 
95 
holographic plate was measured with a length of thread. 
Such mirrors were also used to guide the object beam to illuminate 
the object so that the distance traversed from the beam splitter to the 
holographic plate, after reflection off the object, was equal to that of the 
reference beam to within 2-3 centimetres. 
The object beam expander and spatial filter assembly was so 
positioned, and fitted with a lens of such focal length, as to achieve two 
objectives; 
To illuminate the object uniformly and with sufficient intensity; 
To give a sufficient distance travelled by the expanded beam 
before impinging on the object so that the curvature of the 
wavefronts may be neglected and they can be assumed to be 
plane. 
The angle between the reference and the object beams at the centre 
of the holographic plate was measured using a toolmaker's vernier protractOr,  
and the necessary adjustments were made to make the angle equal to 31 
degrees, as recommended by the makers of the thermoplastic holographic 
plates. The reference and object beam shutters were positioned before the 
respective beam expanders. The energy meter was placed between the 
reference beam shutter and the beam expander. 
In the Total Internal Reflection method, as shown in Fig.3.2 an optical 
filter permitting 10% transmission only had to be used to reduce the intensity 
of the object beam, and a ground glass screen to diffuse the illumination to 
minimise specular reflections off the prism. 
For each method, after some trials to confirm the suitability of the 
optical arrangement, all the components including the holocamera were 
secured firmly on the table. 
M. 
5.5. Making A Hologram 
Once a suitable optical circuit was arranged holograms could be made. 
They were made automatically using the halocamera and its auxiliaries. Before 
an exposure, it was made sure that the energy ratio of the reference beam to 
object beam was 10-12 : 1 (Section 3.1.4). Then the exposure energy was set 
(Section 4.2.1.3); during initial tests it was found that an exposure value ),of 200 
produced high contrast images. 
When all parameters were checked the holographic plate in the erased 
form was placed in the plate-holder, and allowed to reach thermal equilibrium. 
The SGL botton on HC-500 panel was pressed to initiate the hologram-making 
process, immediately followed by pressing the RESET key on HC-320 (to 
eliminate the erase process), and the EXPOSURE key on HC-320 was pressed to 
allow the holographic cycle to proceed. In about one minute the hologram of 
the present state of the surface was ready for real-time holographic 
interferometry. 
5.6. Convective Mass Transfer Runs 
When a hologram had been made of the test surface, a nozzle tube of 
known dimensions was placed at a known distance from the plate. The 
stop-watch on the time-date generator was started, air-supply was turned on, 
and the video-tape recording was initiated. 
Air flow was allowed to impinge on the coated-plate by turning the 
quarter-turn valve to fully-on position. The rotameter float level would then 
correspond to a particular value of the flowrate preset by means of the flow 
regulator and the quarter-valve. Any necessary adjustments to maintain the 
flow rate would be done by means of the quarter valve alone. This procedure 
permitted adequately accurate and operationally convenient control of the flow. 
At the end of a run, video recording of the established interferogram 
was allowed to continue in order to permit the causes of the fringe wavering 
Sc9.- 
97 
(e.g. air refractive index fluctuations) to damp out, after air flaw had been 
turned off. Removal of the air nozzle allowed the complete pattern of the 
circular fringes to be recorded. 
Since it took only about one minute to make the hologram, during. 
which any mass transfer due to natural convection effects would be 
insignificant, the experiment could be regarded as the real time holographic 
recording of the convective mass transfer process. 
5.7. Calibration of the Rotameters 
The air rotameters used in this work were calibrated using a 1 
gas-bell. Initially the gas-bell resting in a water reservoir was air-lifted to a 
known height by an air-compressor. Then, the air was discharged through the 
rotameter via a valve set at a particular discharge rate. As a result, the gas-bell 
sank into the reservoir at a steady rate. Volumetric discharge over a convenient 
time-interval was determined from the measured change in bell height and its 
known internal cross-sectional area. The air temperature was measured by a 
Comark electronic thermometer and The air pressure by a liquid manometer. 
Various discharge rates measured in this manner were checked against the 
calibration-chart supplied by the manufacturer of the rotameter. 
5.8. Procedure for checking Corona and Develop voltages, and Diffration 
efficiencies 
The procedure given in reference [75] was used to check, when 
necessary, the corona voltage. Section 4.4.2; develop voltage, Section 4.4.3, and 
diffraction efficiencies. Section 4.4.6 of the holograms recorded. 
The first step in this procedure was to disconnect the HC-500 and 
connect the HC-300 to the mains alone. A Gould 20 MHz digital storage 
oscilloscope Model 1420 was connected to HC-320. Then the procedure given 




RESULTS AND DISCUSSION 
Experiments have been performed with developing and fully-developed 
laminar and turbulent jets issuing from each of the two different nozzles, plain 
tube and contoured, over a range of flow conditions involving variation of 
Reynolds numbers in the range 7004Re29,600 and nozzle-to-plate spacings 
in the range 0.26Re424.0.. 
Runs 1 to 250 were done with the front viewing method and the 
subsequent runs, 251 to 279, with the total internal reflection method. The 
experimental runs for ethyl salicylate and 1-methyl naphthalene were in the 
range 1.5, 3.0, 6.0, 12.0 and 24.0 minute durations; those for n-tetradecane were 
of 3.0. 6.0, 12.0, 24.0. 36.0 and 60.0 minute durations. Most of the runs were 
made of several durations to make certain of consistency of results obtained 
within a run under very nearly constant conditions and collection of sufficient 
amount of data at various regions of flow field. 
6.1. Experimental Observations 
6.1.1. Fringe Drift 
Prior to the start of the experimental work the "fringe drift" 
phenomenon, observed previously by Macleod [79] in his experiments with a 
different optical technique than that employed in this work, was investigated. 
In mass transfer experiments using the technique of electronic speckle 
pattern interferometry, Macleod [79] has reported that there is a warm up 
period of about 30 minutes which must elapse before meaningful results can 
be recorded. During this period a set of fringes formed by tilting a target 
relative to its initial recorded position is seen to experience a stow monotonic 
M. 
drift though the target itself remains stationary. 
The fringe drift effect is thought [801 to be due to the laser tube warm 
up. The drift effect is more obvious when the optical arrangement is such that 
the object is at the third coherence plane; that is the plane for which the path 
length difference between the object and reference beams is three times the 
laser coherence length. In the system used here, the laser coherence length is 
70.1 cm [74]. At the first coherence plane where, the lengths of the object and 
reference beam are equal, the drift effect would be expected to vanish; any 
change in the laser characteristics must affect equal beams equally. In the 
particular instrument used by Macleod the optical arrangement is such that the 
second or third coherence plane is more convenient for locating 
mass-transferring objects; in that particular circumstance it is therefore critical 
that the warm up period is allowed before data can be recorded. 
In experiments with real time holographic interferometry to test these 
ideas, the strong presence of the drift effect at the third coherence plane was 
confirmed. In all our mass transfer experiments the first coherence plane 
optical arrangement was used and in order to make sure of eliminating the drift 
effect the laser was allowed to warm up for about 30 minutes before 
experimental runs were made. 
During the subsequent mass transfer experiments a number of 
problems were encountered in connection with: (a) Fringe behaviour under 
convective conditions and (b) External factors involved in the production of 
undesirable displacement fringes. Modification of the experimental methodology 
Or arrangement was necessary in order to eliminate these problems. They were 
as follows; 
6.1.2. Fringe Wavering and Woozing 
Real time 	holographic 	observations with the Front Viewing 
method 
revealed that fringes do not behave in the ideal manner presupposed 
by the 
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originally intended method of determining fringe order outlined in Section 3.3. 
Thus, reliable and accurate results were not obtained in our early experiments. 
In low mass transfer rate (laminar flow) runs, the fringes were seen to 
advance, halt and retreat in a roughly periodic manner with a net movement in 
the expected direction. This fluctuating movement had, when the optical 
system was well shielded from air movements, an amplitude of the order of 
half a fringe spacing common to all fringes in the developing interferogram. 
The significant feature was that the fringes appeared to spend much of their 
time in the "halt" phase ,simultaneously, giving rise to a discontinuous, but 
concerted and orderly, fringe-pattern motion. This global concerted fringe 
movement might be called "woozing" 
In the high mass transfer (turbulent flow) runs the same phenomenon 
was more pronounced, occurring with higher amplitude and frequency. In 
) addition to "woozing, the fringes were also seen to experience distortion, the 
extent of which might be different in adjacent fringes, or in adjacent portions of 
the same fringe. This local additional effect may be called wavering 
When the mass transferring air-flow was turned oft at the and of an 
experiment the wavering" effect disappeared, whereas the 
twooz i ngs effect 
persisted, but with smaller amplitude and frequency. This background 
"woozing was thought to be due to fluctuations in temperature, and hence 
refractive index, in the object beam path. When the two-metre long expanded 
object and reference beam paths were isolated as far as possible from the 
surrounding room-draughts and temperature variations, this background 
"woozing" was much reduced in frequency and amplitude. The local wavering" 
Might, it was thought, be explained in terms of local variations of composition, 
and hence refractive index, of the vapour layer through which the object beam 
passes, overlying the surface on which mass transfer is taking place. The 
influence of these phenomena on double exposed frozen fringe holograms 
made by ordinary photographic processes is probably very small, because the 
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processing delays that these impose on image recording following termination 
of an experiment would allow air movements driven by the experimental jet to 
die out; but in our real-time work, particularly in turbulent flows, we found that 
they caused the developing fringe pattern to move in a discontinuous manner 
leading to incorrect evaluation of fringe orders as determined by the originally 
proposed method of determining fringe orders. 
Consequently, an alternative method of fringe ordering was used. In 
this, as explained in Chapter 3, the course of the fringes from the 
commencement of mass transfer and of the real-time video recording was 
followed continuously by the eye. Thus, the actual fringe order at a reference 
point was determined by direct counting. Other fringes were then ordered 
accordingly in a stationary recorded interferogram showing the reference point, 
obtained after a convenient elapsed time. 
A particular disadvantage sometimes encountered with this method of 
fringe ordering was the occasional difficulty of clear unambiguous identification 
of the first fringe. The first fringe may in these circumstances not be 
completely circular, may appear shadowy and may rapidly disappear from the 
field of view as more fringes are generated. To eliminate any doubt in such 
cases about fringe ordering, the following experimental procedure was 
employed; 
The observed constant rate of fringe production was used to 
decide if such a shadowy fringe was actually the first fringe. 
For the same experimental run successive fringe patterns, each 
corresponding to a known duration, were obtained. 
These successive interferograms would give the same profilometric rates of 
surface recession, and hence mass transfer rates, provided the first fringe was 
ordered correctly and all observations were made within the constant rate 
period. 
In the experiments with the Total Internal Reflection method fringe 
"wavering" was not observed, supporting the conjectural explanation of this 
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phenomenon given above; and fringe "woozing" was minimised by appropriate 
shielding of the beams to prevent the deflected impinging air jet from surging 
into the optical path. 
At jet-flow speeds above 58.5 m/s, corresponding to a Mach number 
of about 0.18, the swollen polymer coating was observed holographically to 
experience elastic deformation under the action of the air jet force. In this 
circumstance the fringes near the stagnation region would become blurred and 
disappear, only reappearing when the air flaw rate was reduced to below 58.5 
rn/s. In order to increase the threshold of polymer deformation a new coating 
of about 0.43 mm thickness (compared with the previous 0.93 mm) was used. 
This modification increased the threshold to 1171 rn/s , well above the planned 
experimental range. 
6.1.3. Fringe Displacement 
In some of the initial runs, i.e. in the set Run 1 to 75, parallel 
displacement fringes were observed to be localised on the test surface 
immediately following the making of a hologram. These equally-spaced fringes 
were sometimes horizontal and sometimes vertical or at an angle. In some 
cases there was an increase in their number with time at a rate varying 
between 1 every 7 or 8 minutes and 1 every 30 minutes. This meant that 
displacement (or, where the number of fringes increased, rotation) of some 
nature persisted after making the hologram. In some cases displacement 
fringes developed later even though no such fringes had been observed 
initially. 
Experimental observations indicated that the following could not have 
been the cause of displacement fringes; 
Natural convection mass transfer effects or effects due to air 
leakage from the nozzle during the hologram making process, as 
displacement fringes were obtained with an unswollen polymer 
coating. 
Thermal effects, as the test plate was allowed ample time to 
tO 3 
reach thermal equilibrium with its surroundings before holograms 
were made. 
Movement of the test plate relative to its support, as it was held 
by a kinematic mount. 
Movement or distortion of the mount itself, as the phenonmenon 
persisted whichever of two structurally different but kinematically 
similar mounts were used. 
It was thus suspected that the holographic plate itself must have 
experienced instability while in position in its holder. Observations showed that 
in most cases when a hologram was made immediately after placing the 
holographic plate in its holder parallel displacement fringes were present. It 
usually took about an hour till the production of such fringes ceased. This 
would mean the plate holder should be redesigned by its manufacturer so that 
the holographic plate is properly secured prior to making a hologram. In the 
meantime, it was decided to place the holographic plate in the plate holder for 
about an hour to ensure its physical stabilisation before making a hologram. 
After erasing a hologram and before making the next one a time delay of about 
10 to 20 minutes was allowed to ensure decay of the thermal effects following 
heating and cooling of the holographic plate. 
This procedure, adopted from Run 76 onwards substantially reduced, 
by about 90%, the incidence of cases where displacement fringes were present. 
The following precautionary steps were thenceforward incorporated in the 
experimental protocol; 
- whenever displacement fringes were encountered the hologram was 
erased without making an experimental run. 
- During an experimental run, if there was a significant change in the 
circular shape of the mass transfer fringes, which might be due to 
superimposition S displacement fringes, that run would be 
terminated. 
6.2. Constant Rate Period 
The length of the constant rate period (C.R.PJ was experimentally 
determined for various conditions by real time holographic interferometr'l. This 
was done by measuring the rate of fringe production at the stagnation point 
of 
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(a) a developing initially laminar air jet issuing from the plain tube nozzle 
(d=0.635 cm) at low nozzle to plate spacings (z/dC5.0) and low Reynolds 
numbers (Re< 1,500), (b) a fully-developed initially turbulent air jet issuing from 
the contoured nozzle (d=0.952 cm) at z/d10.0 and Re=10,4.00. Experiments 
under dynamically similar conditions were carried out using ethyl salicylate (SE), 
1-methyl naphthalene (S N) and n-tetradecane (5,-). The observed fringe 
production rate or change of fringe order with time at the stagnation point was 
compared with the expected rate of change of fringe order obtained from 
equations based on the theory of Scholtz and Trass t81, eq.(2.2) for laminar jets. 
Mass transfer theoretical equation of Chial at al [91, eq.(2.39), and 
experimentally derived heat transfer correlations of Dyban and Mazur [461, 
eq.(2.17), and of 1-Irycak [361 eq.(2.26), were used to compare the fringe 
production rate according to these predictions with the observed rate of fringe 
production at the stagnation point of fully-developed turbulent air-jets issuing 
from our contoured nozzle (d=0.952 cm) with an initially uniform velocity 
profile. Details of the calculations are shown inAppendix (IV). 
Figure 6.1 shows plots of order of dark fringes produced at the 
stagnation point against time for two samples of the same polymer, one 
swollen initially to equilibrium with ethyl salicylate (SE), the other with 
n-tetradecane (S1), in two laminar air jet experiments both performed at 
Re=1.150 and z/d3. According to the theoretical analysis of [25]. the 
C.R.P. depends upon the properties of the solvent/polymer system and is a 
decreasing function of the transfer coefficient at the point of measurement. It 
can be deduced from Fig.6.1 that the duration of the C.R.P. for the SE to 
measure k max=7.21 cm/s at the stagnation point is not less than 130 s subject 
to a random error of about ±5 s and that of the ST to measure kmax615 cm/s 
at the stagnation point is not less than 350 s subject to a random error of 
about ±5 s. These values of C.R.P. may be compared with those predicted for 




































Fig. 6.1 Fringe production at the stagnation—point on a plane for normal impingement 
of a laminar air jet issuing from a plain tube nozzle (d0.635 cm) 
45 	 at z/d=3.0 and Re=1,150, measured by real time holographic interferometry 
LM 
40 - o ethyl salicylate, Sc=2.76, lc_=7.21 cm/s at the stagnation point (Run 147) 
o n—tetradecane, 	Sc=3.58, kma=6*15 cm/s at the stagnation point (Run 149) 
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systems according to Maclead's theory [25]. This predicts that the C.R.P. is 
approximately inversely proportional to the square of the mass transfer flux or 
coefficients. Table(1.1), based an data from [251, shows values of 
C.R.P. caculated for several values of mass transfer coefficient for the three 
polymer/swelling agent systems used in this work. From this table, the 350 
seconds as the lower limit of the C.R.P. duration deduced from Fig.6.1 for the 
System ST fits the limit of the experimental duration given by Macleod's theory 
to measure k max 6.I 5 cm/s. For system SE  according to Macleod's theory for 
an experimental duration of 90 s (which in the present work is considered to be 
the shortest experimental duration that can be conveniently and still accurately 
measured) mass transfer coefficients not higher than k2.82 cm/s may be 
measured, whereas from Fig.6.1 it can be deduced that the apparent duration of 
the C.R.P. for this system to measure a mass transfer coefficient as high as 
k=7.21 cm/s is at least 130 5. 
Figure 6.2 shows similar plots at z/d4.0 and Re=1,160 and 1,460 for 
System SN and 5T' respectively, and Fig.6.3 similarly shows comparisons of 
actual rate of change of fringe order with that of the expected rate for system 
ST at zld=1.0 and Re=1,250, and at z/d=5.0 and Re'l,lSO. Observation of fringe 
formation at the stagnation point is possible with the front view method of 
holographic arrangement for z/d=5, as in Run 140 here, but not at z/d1, 
because of obstruction of the stagnation zone by the nozzle tip (Fig.4.3b). This 
problem is avoided by using the total internal reflection method, as done in 
Run 265, which gives a much higher rate of fringe formation than the front 
view method for the same recession, as explained in Appendix (Ill). The value 
of duration of C.R.P. for system 5N deduced from Fig.6.2 is not less than 144 S 
subject to a random error of about ±5 s. This value of C.R.P. for system 5 N 
disagrees with the predicted allowable duration of an experiment, using this 
system, given in table(1.1) to measure a value of mass transfer coefficient as 













Fig. 8.2 Fringe production at the stagnation—point on a plane for normal 
impingement of a laminar air—jet issuing from the plain tube nozzle 
45 	 (d=0.835 cm) at z/d=4.0 measured by real time holographic interferometry 
o 1—methyl naphthalene, Re=1,160, Sc=2.84, 	 cm/s (Run 128) 
40 	o n—tetradecane, 	Re=1,460, Sc=3.58, kma=6.85 cm/s (Run 114) 
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Fig. 8.3 Fringe production at the stagnation—point on a plane for normal impingement 
of a laminar air—jet issuing from the plain tube nozzle (d=0.835 cm) 
45 	 measured by real time holographic interferometry 
o z/d=1.0, Re=1,250, lc=5.09 cm/s (Run 265, Total Internal Reflection method) 
40 	z/d=5.0, Re=1,150, IC_a=5•91 cm/s (Run 140, Front View method) 































5 zc;v/, X 
	
0 $' 	 I 	 I 	I 
0 100 	200 	300 400 	500 600 	700 	800 	800 	1000 


























As for system ST, duration of the C.R.P. in Run 114 is not less than 
515 s and in Run 140 (Fig.6.3) not less than about 355 a, both consistent with 
the predicted allowable durations using this system, given in table( 1.1). In 
Run 265 fringe contrast is less in general than that in the other experiments, 
because as explained in Section 3.2.2 fringe contrast in the total internal 
reflection method is not as good as that in the front view method. Thus as 
more fringes are formed at the stagnation point, combination of progressively 
lower fringe spacing and poorer fringe contrast, results in difficulty in timing 
fringe formation. This is the likely cause of the overestimation of time of 
formation of the latter fringes, rather than an actual deviation from the 
expected behaviour as suggested by Fig.6.3. 
Figure 6.4a and 6.4b show plots of order of fringes produced at the 
stagnation point against time for systems 5E and ST, respectively, for turbulent 
submerged air-jets impinging normally at the surface at z/d10.0 and 
Re=10,400. In both plots the observed rate of fringe production is compared 
with the expected rate according to the theoretical equation of Chia et al [9], 
eq(2.39), and correlations of Dyban-Mazur (461 eq.(2.17) and Hrycak [36]. 
eq.(2.26). As the plots indicate, it is clear that the observed initial rates of 
fringe production agree much better with the predicted rate according to Chia' 
theory, eq.(2.39), than the other correlations. 
As shown in Fig.6.4a the fringe production rate due to the evaporation 
of ethyl salicylate and subsequent shrinkage of the swollen polymer coating, 
begins to deviate progressively from its initial constant value and after a period 
of about 400-450 a the deviation exceeds 5%. Fringe production rate due to 
the evaporation of n-tetradecane, Fig.6.4b, shows deviation from its initial 
constant value after a period of about 1,250-1,300 a, beyond which fringe 
production could not be counted accurately because of high fringe density 
developed around the stagnation point observed on the interferogram in real 































Fig.6.4a Fringe production at the stagnation point on a plane for normal 
impingement of a fully—developed turbulent air—jet issuing from 
90 the contoured nozzle (d=0.952 cm) at z/d=10.0 and Re=10,300, 
measured by real time holographic interferometry 
80- a ethyl salicylate, Sc=2.76, k=8.45 cm/s at the stagnation point (Run 244) 
correlation of Hrycak [36], eq.(2.26) 
- - - correlation of Dyban and Mazur [46], eq.(2.17) 
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Fig.6.4b Fringe production at the stagnation point on a plane for normal 
impingement of a fully—developed turbulent air—jet issuing from 
the contoured nozzle (d=0.952 cm) at z/d=iO.O and Re=10,300, 
measured by real time holographic interferometry 
o n—tetradecane, 	Sc=3.58, lc=9.03 cm/s at the stagnation point (Run 245) 
correlation of I3rycak [38], eq.(2.28) 
- - - correlation of Dyban and Mazur [46], eq.(2.17) 
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Fig.6.5 Fringe production at the stagnation point on a plane for normal 
impingement of a fully—developed turbulent air—jet issuing from 
the contoured nozzle (d=0.952 cm) at z/d=10.0 and Re=10,300, 





I 	0 	 / 
/ 0 
I 	0 
/ U 	 / 
0 
I /13 / m 	 / 	 0 
I 	 it 
	
/ U
13 I 	 0," 
1 0,"
13 










C 	 0/' 
0 / 
a 0/ 




a ,/' 	 Theory of Chia et al, [9] eq.(2.39), for Sc=2.76 
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0 n—tetradecane, 	k=10.08 cm/s at the stagnation point (Run 251) 
600 	1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200 
Time, t (s) 
which in the case of ethyl salicylate, due to faster fringe production, is limited 
to the size of the square symbols used to represent the data-points. 
In order to check the results for fringe production rate and C.R.P. at 
the stagnation point obtained by holography,, electronic speckle pattern 
interferometry (ESPI) was used as an independent technique. This technique is 
in some ways Defter suited for the purpose of fringe production rate 
measurement because, although it gives fringes of poorer quality than 
holography, it allows fringe rate counting to be continued after more fringes 
have been observed by permitting instant electronic erase of a high density 
interferogram from the screen without significant time delay. 
Figure 6.5 is the plot of change of fringe order with time at the 
stagnation point obtained by electronic speckle pattern interferometry for 
System S (Run 250) and system ST (Run 251). These two experiments were 
carried out under dynamically similar onditions to those of Runs 244 and 245. 
According to the results shown in Fig.6.5 the experimental constant rate period 
for ethyl salicylate (k max 943 cmls) and for n-tetradecane (kmax10.08 cm/s) are 
about 400-450 s and 1,800-1,900 s respectively, taking the C.R.P. duration as 
that after which there is a 5 °,' deviation of fringe production rate from its initial 
value. The greater suitability of system ST for high transfer rate measurements 
is highlighted by its longer constant rate period compared with that of system 
SE. The constant rate period for the former system is about five-fold longer 
than the latter. 
The value of constant rate period obtained by the electronic speckle 
pattern technique for n-tetradecane, though greater than that obtained by the 
holographic technique, is considered more reliable because the former permits 
easier observation of fringes as they are being formed over a much longer 
period, thus resulting in reduction of the systematic uncertainty in timing of 
fringe formation. The ESPI data confirm the conclusions from holography 
measurements, that the C.R.P. found for a given mass transfer coefficient is 
flit 
roughly as predicted by the analysis of Macleod when n-tetradecane is used as 
the swellling agent for RTV615 polymer, but apparently higher than expectation 
when this polymer is swollen with ethyl salicylate or 1-methyl naphthalene. 
5.3. Radial Variation of Transfer Coefficients: Laminar Flows 
The new vapour pressure data for ethyl salicylate reported by Paterson 
et al [281, are substantially different from those used by Kapur and Macleod [26] 
in their original tests of the agreement of their swollen-film holographic 
measurements with theory for laminar wall-jet transfer. The extent of the 
agreement with theory reported in (261 is therefore in doubt. Accordingly, 
laminar jet mass transfer rates were measured anew in order to check their 
consistency with the theory of Scholtz and Trass and with the new vapour 
pressure data for the impingement and wall jet regions. 
6.3.1. Plain Tube Nozzle 
6.3.1.1. Radial Variation of Local Mass Transfer Coefficient 
Figures 6.6a and 6.6b (i.e. 6.6a-b) shows plots of laminar mass transfer 
coefficients (M.T.Cs) against radial distance for the three swollen polymer 
systems, 5 E' ST and  SN using the plain tube nozzle at 
z1d2.0 and jet Reynolds 
number in the range 900-1,200. 
Fig. 6.6a Plots of mass transfer coefficient against radial distance from stagnation Point 
of a laminar air jet using the plain tube nozzle (d=0.635 cm) at z/d=2.0 
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Fig. 6Mb Plots of mass transfer coefficient against radial distance from stagnation Point 
of a laminar air jet using the plain tube nozzle (d=0.635 cm) at z/d=2.0 
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Fig. 6.7b Plots of mass transfer coefficient against radial distance from stagnation Point 
of a laminar air jet using the plain tube nozzle (d=0.635 cm) at z/d=3.0 and 0.26 
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1J=l or 2. For N=3 to 5 it is about ±0.2 cm and for N>7 the size of the error is 
limited to that of the symbols used to represent the data-points. In addition, in 
the front view method, there may sometimes be random errors due to fringe 
woozing, e.g. in Run 148, which introduce uncertainty in the measurement of a 
fringe diameter. Experience has shown that where difference in fringe diameters 
between adjacent fringes is large (in the wall-jet region of an interferogram 
obtained from low duration experiments in laminar flows), the effect of woozing 
is greatest, resulting in an error as high as 0.3-0.5 cm additional to the error 
involved in the measurement of fringe diameter or radial distance from the 
stagnation point 
Returning to Fig. 6.6a and 6.6b in all the experiments i.e. Runs 144, 
145. 152 and 172 the observed values of mass transfer coefficients (M.T.C.) in 
the impingement region i.e. Ocr/d<0.75 fit very well, to within 3%, the 
theoretical equation, eq.(2.2). of Scholtz and Tress [8]. In the transition region, 
0.75 ,9r/d_<1.3-1.5, in Runs 144, 145, 152 and 172 the measured values of M.T.Cs 
are on average 11%, 30%. 16% and 27% respectively higher than the 
corresponding values given by Scholtz and Tress's eq.(2.10), for this region of 
the flow field; In addition, in the region bounded by 1.3-1.5.cr/d.5 in the same 
experiments the measured values of M.T.Cs are on average 44%, 34%. 29% and 
39% higher than the corresponding values given by the wall-jet equation, 
eq.(2.8), of Scholtz and Tress. Beyond r/d=5-6, however, the experimental data 
obtained from longer durations e.g. in Runs 144 and 145, are in agreement with 
the wall-jet eq.(2.8). 
Mass transfer data obtained at z/d=3.0 and 0.26 are plotted in Fig. 
6.7a-b. In all the Runs shown the data agree with the theory in the 
impingement region. 0cr/d<0.75, within 3%. Outside this region, however, the 
data deviate from .the - expected values essentially as before. In the transition 
region. 0J5.cr/dC1.5 -2 ,  in Runs 147, 148. 149 and 173 the measured values of 
M.T.Cs are on average 37%, 22%, 28% ana24% higher than the corresponding 
In each plot in Fig.6.6a-b theoretical curves based on the equations of Scholtz 
and Trass for the impingement region 181, eq.(2.2) for r/d<0.75, (shown in 
small-dashed lines) and wall jet region [81 eq.(2.8) (solid line), are shown. These 
equations involve different powers of Re and they do not intersect above 
Re=700, the range mainly used in the present work. Scholtz and Trass have 
reported a semi-empirical equation, eq.(2.10). to predict M.T.Cs in the 
unaccounted region,r/d >0.75, called by them the transition region. The 
intersection of eq.(2.8) with eq.(2.10) gives the upper limit of the latter beyond 
which the wall-let theory is applicable. For Re1,150 the intersection occurs at 
about r0.95 cm i.e. r/d1.5, as shown in Fig.6.6a and 6.6b for Re=1,150 in Runs 
144, 145 and 152. At lower Reynolds number the transition occurs earlier; for 
Re=915 in Run 172 this occurs at about r/d1.3. At higher Reynolds number 
the point of intersection shifts radially outward, implying a delay in the 
transition to wall-jet flow. For Re1,720 (Run 173, shown in Fig.6.7b) this 
intersection occurs at about r/d2. 
Experimental data in the impingement and transition regions were 
obtained for low experimental durations, which produce low density 
interferograms in which fringes around the stagnation point can be accurately 
assigned orders. In the wall-jet region, the fringe numbers, and hence 
experimental data obtained from these interferograms are, however, insufficient, 
as can be observed in Run 173 for t1.5 min in Fig.6.7b, for which there is only 
one data point in the wall jet region at r2.0 cm . Thus relatively longer 
durations must be used to obtain sufficient data points for satisfactory 
curve-plotting in the wall-jet region. For each data point, the systematic error 
involved in the calculation of M.T.Cs is about ±4% shown as vertical errorbars 
for Run 152 in Fig.6.6b, a detailed account of which is given in appendix (VIII). 
There is also a random error, represented by the horizontal errorbars, in 
measuring the diameter or location of the centre of each circular fringe from 
the stagnation point on the X-Y diagram. The highest error is ±0.5 cm for to 
121 
values given by eq.(2.10), and in the 	region 	
1.5-2r/d5 the differences on 
average 	are 40%. 34%. 43°k and 	29%. 	Beyond 	r/d=5-6, 	
the 	data 	are in 
agreement with the wall-jet eq.(2.8) 	of Scholtz and Trass [10]. 
	The average 
difference in the regions 0.75cr/d1.3 - 1.5 and 
1.3-1.5r/d5 of 	the 
experiments shown in Fig.6.6a-b and 6.7a-b is 24% and 40% respectively. 
Figure 6.8 shows the radial variation of dimensionless Sherwood 
number for Run 147 performed at Re1,150 and z/d3.0. The uncertainty in the 
determination of Sherwood number limited by the uncertainty in the value of 
diffusion coefficient is about 11%, shown in Appendix (VIII). 
Scholtz and Trass [81 presented local measurements of M.T.C5 in both 
impingement and wall-jet regions for Re=1,740 and z/d0.25. These 
measurements are compared with our own holographic measurements (Run 
173) in Fig.6.9, in which local values of Sb Sc 0361  are plotted against r/d. An 
objective comparison cannot really be made %.t he radial zone 04r/d33.5. 
because beyond r/d=3-3.5 there is a progressive increase in scatter of data of 
Scholtz and Trass with minimum scatter of about 20-30%. In the vicinity of 
the stagnation point, r/d4O.4, our mass transfer data are in close agreement to 
within 1% with the measurements of Scholtz and Trass. Between r/d0.65 and 
3.0 our data on average is higher than those of Scholtz and 
Trass by about 
10%. 	This difference can be explained in terms of experimental errors 
involved 
in measurement of M.T.cs and estimation of diffusion coefficient of ethyl 
salicylate in our experiments. 
The wall-jet equation of Scholtz and Trass, eq.(2.8), is also shown in 
Fig.6.9. In the zone bounded by 1.5r/d,<3, I TT our mass transfer data as 
well as those of Scholtz and Trass can be comfortably compared with the 
values given by the wall-jet theory of Scholtz and Tress. It is found that in this 
zone, as shown in Fig.6.9, the data of Scholtz and Tress are on average 28% 
higher than the values given by eq.(2.8). These large differences between our 






















































































eq.(2.2), Scholtz and Trass theory [a] 
eq.(2.10), 	" 	" 	[8] 
eq. (2. 8), [10] 
Fig. 6.8 Local Sherwood number against radial distance 
for the plain tube nozzle (d=0.635 cm) at Re=1,150 and z/d3.0 
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a Run 173; Re= 1,720, z/d=0.28, Sc=2.76 (air/ethyl salicylate) 
v Scholtz and Trass data; Re=1,740, z/d=0.25, Sc=2.45 (air/naphthalene) 
Scholtz and Trass; wall—jet theory [10], ej.(2.8) 
Pig. 6.9 Comparison between present measurements of dimensionless 
mass transfer coefficient with those of Scholtz and Trass {s] 
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above) obtained with air-jets and the wall-jet theory of Scholtz and Trass [10] 
suggest that the latter theory verified by them by data obtained with 
submerged impinging water-jets may not be valid for use to predict wall-jet 
transfer rates in the radial range r/d=2-5 on a flat surface due to a submerged 
impinging air-jet. 
L 
eq.(2.2) Scholtz and Trass theory [a] 
0.3 	
eq.(2.10) Scholtz and Trass [a] 
Best fit lines for Sc=2.76; 
Sh Re ° = 1.35 (r/d) ° ' for 0.6<r/d<2.0 
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Sh Re" = 1.70 (r/d)` 1 for 2.0<r/d<10.0 
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Fig. 6.10 Radial variation of dimensionless mass transfer 
coefficient for the plain tube nozzle (d=0.635 cm) 
using ethyl salicylate, Sc=2.76, for 

























Fig. 6.11 Radial variation of dimensionless mass transfer 
coefficient for the plain tube nozzle (d=0.635 cm) 
using n—tetradecane and 1—methyl naphthalene $ 	
at 700$Re1,730 and a.o(z/d(.o 
3 
o 1—methyl naphthalene, S 
o n—tetradecane, Sc=3.57 
eq.(2.2) Scholtz and Trass theory [8] 
eq.(2.10) Scholtz and Trass [8] 	 0 
Best fit lines for Sc=2.76 from Fig.6.10; 
Sh Re' Sc °1 = 0.93 (r/d)' for 0.6<r/d<2.0 	O3" \ 
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Figure 6.10 shows the plot of Sh Re 05  against radial distance for all 
experiments using the air/ethyl salicylate system, Sc2.76, in the Reynolds 
number range of 700Re 1,720 and nozzle-to-plate spacings in the range 
0.26.z/d5.0. The plot shows about 200 data points obtained from 10 
experiments of durations ranging from 1.5 to 24.0 minutes. 
In the impingement region, 0.r/dC0.6, the data are found to agree to 
within 3% with the theory of Scholtz and Tress, eq.(2.2). The agreement is well 
within the uncertainty of 10% in the value of diffusion coefficient (Appendix 
VIII). 
The average value of dimensionless transfer rate in this region is Sh 
Re -o"=2.15. 
Beyond r/d=0.6 the data are found to lie well above the equations of 
Scholtz and Trass for the transition and wall-jet regions. In general our mass 
transfer data in the radial range 0.6Cr/d4 2 . 0  are found to be best correlated 
by; 
Sh R& 05 = 1.35 (r/d08 	
(6.1) 
The uncertainties in the values of the constant and the exponent of r/d are 4% 
and 6% respectively. At r/d0.95 and 1.7 the average values of transfer rates 
are Sh Re 05 1.40 and 0.89 respectively, with a random error bound of about 
6%. 
In the range 2.0r/d.5.0 the data are best correlated by; 
Sh Re05 = 1.70 
	 (6.2) 
At r/d=2.5 and 4.7 the average values of transfer rates are Sh Re 05 0.61 and 
0.29 with a random error bound of about 9% Beyond r/d5.0 deviation of 
values of mass transfer rates from their local mean values increases. At about 
r/th6.0 the average value of Sh Re 05=0.21 with a random error bound of about 
14%. This increase in the deviation from the mean value is due to the relatively 
large uncertainty in measuring diameters of the fringes with ordinal numbers of 
N=5 or less. 
t28 
There is a 40% change in the exponent on rid between the region 
bounded by 0.6.r/d.c2.0 (our transition region) and the region bounded by 
2.0crid5.0 (our wall-jet region). The change irtScholtz and Trass case shown 
by eq.(2.8) and (2.10) is about 45°Io. In the region 2.0.rid6.0 our mass 
transfer data vary with Re 05 and not with Re 
0.75 suggested by eq.(2.8). 
Incoporating Sc 0361  (8] into eq.(6.1) and (6.2) gives; 
Sh Re -0.5  Sc 0361 = 0.93 (r/d[8 	 (63) 
Sh Re -0.5  Sc 0361 = 1.18 (r/d 11 
	
(6.4) 
The laminar jet mass transfer data obtained with the airin-tetradecane, 
Sc=3.58, and air/1-methyl naphthalene. Sc2.64, systems are plotted in Fig.6.11. 
These data-points fit satisfactorily the correlations, eq.(6.3) and (8.4), obtained 










1r Fig. 6.12 Stagnation Sherwood number against Schmidt 
number for the plain tube nozzle (d=0.635 cm) 
at Re=1,150 and z/d=2.0 
so 	o 1—methyl naphthalene, Sc=2.64 
o ethyl salicylate, 	Se=2.76 
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6.3.1.2. Variation of Sh with Sc 
Fig. 6.12 shows a plot of stagnation point Sherwood number against 
Schmidt number for three experiments using three different swelling agents, 
with different Sc numbers. These experimets were performed under similar flow 
conditions of Re1,150 and z/d=2.0. The data are found to fit the theoretical 
equation of Scholtz and Trass, eq.(2.2), confirming that stagnation point 
Sherwood number varies as Sc 0361 . 
6.3.13. Variation of Sh SC0361 with Re 
Figure 6.13 shows a plot of stagnation point mass transfer in the form 
of Sh. SC0361  against Reynolds number in the range 700-1,740 and for 
nozzle-to-plate spacings in the range 0.26.z/d5. The data are found to fit 
very well the theoretical equation of Scholtz and Trass, eq.(2.2), indicating the 
laminar nature of flow in the boundary layer under the present experimental 
flow conditions. The results also confirm that the experimental data obtained, 




























Fig. 6.13 Dimensionless stagnation mass transfer coefficient against 
Reynolds number in the range 700<Re<1,740 for the plain tube 
nozzle (d=0.635 cm) at nozzle—to—plate spacings in 














o 1—methyl naphthalene, Sc=2.64 
o ethyl salycilate, 	Sc=2.76 
o n—tetradecane, Sc=3.58 
eq,(2.2), Scholtz and Trass theory [8] 
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6.3.1.4. Effect of z/d on Local Mass Transfer Rates 
It can be inferred from Fig.6.10 and 6.11 that at nozzle-to-plate 
spacings in the range 0.26,<z/d.5.O, where a jet impinges within its potential 
core there is no significant effect of z/d on mass transfer rate either in the 
impingment or wall-jet region. Fig.6.14 shows directly that we find no 
significant influence of z/d upon stagnation point M.T.C. in this range. Between 
z/d=5.0 and 12.0, also, no significant effect of z/d on local mass transfer rates 
was observed in either of these flow regions. Saad at al [401 have likewise 
reported that at zId12.0 the effect of z/d on the stagnation point transfer rate 
is not significant. 
For 12<z/d20 stagnation the present experiments show that mass 
transfer coefficient decreases with z/d according to the following correlation; 
Sh 0 Re- 1/2 SC-1/3 
= 34.7 (6.6) 
The experimental uncertainty in the determination of the power index and the 































Fig. 6.14 Stagnation dimensionless mass transfer coefficient against 
nozzle—to—plate spacing in the range 0.26<z/d<5 
for the plain tube nozzle (d=0.635 cm) for laminar 
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6.31. Comparison Between Our Mass Transfer Data And Other Heat And Mass 
Transfer Data 
In Fig.6.9 our mass transfer measurements were compared with those 
of Scholtz and Trass (8], obtained under nearly identical flow conditions. 
In Fig.6.15a the theoretical values presented by Saad at 31 [401 in the 
radial range r/d=0-2.5 (solid line, with selected values represented by circular 
symbols) for Re=960 and z/d=4.0 are compared using the heat and mass 
transfer analogy. Section 1.5, with our mass transfer data obtained at Re940 
and 	z/d=4.0, Run 	171. 	The theoretical 	equation of 	Scholtz 	and Trass (81, 
eq.(2.2), 	for the 	inipingment region, 	0r/d0.75, is 	also 	shown. Within 
the 
impingement region the agreement between our data and the theoretical values 
of Saad et al (40] is within 3%. Beyond r/d=1.0 our data lie above the values of 
Saad at al with a maximum difference of about 44% at rith1.5. It should be 
mentioned here that Saad at al were primarily concerned with prediction of 
transfer rates in the impingement region, rid<1.0, and, therefore, their 
theoretical curve beyond r/d=1.0 may be erroneous. 
There are no reported reliable measurements of local values of heat 
transfer coefficients in the literature for a laminar cooling air-let issuing from a 
round tube with an initially parabolic velocity profile and impinging normally on 
a flat surface. Recently, however, Cui (81] made such measurements using a 
heat sensitive liquid crystal film and reported the following correlation based 
on 41 data points obtained for 880Re1,930 and a constant value of z1d2.5; 
Nu = 0.225 Re 0.53 r/d'049 (6.6) 
The above correlation fits Cui's data in the radial range 1.4ridC9.3 with an 
accuracy of about 15%. Taking Pr=0.71 for air and assuming Nu to vary with Pr 
as Pr 1 "3 [101, then we have; 
Nu = 0.252 Re 
0.53  Pr  1/3  r/d'0'49 	 (6.7) 
Clearly the correlation of Cui at al shows a different variation of transfer rate 























Fig. 6.15a Comparison between present mass transfer data with 
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Fig. 6.15b Comparison between the present mass transfer data IMF 
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comparison can be made when individual data points are comprared. 
In Fig. 6.15b the heat transfer data of Cui et al obtained at Re=1,570 
and z/d2.5 are compared using the heat and mass transfer analogy [14], 
Section 1.5, with our mass transfer data obtained at Re=1,560 and z/d4.0. The 
theroretical equation of Scholtz and Tress for the wall-jet region, eq.(2.8) 
1101, 
is also shown. As shown in Fig.6.15b the heat transfer data of Cui et al tie 
below the theoretical equation of Scholtz and Trass, eq.(2.8) at r/d4 and at 
rld>4 they lie above it, on average by about 30%, in agreement with our mass 
transfer data. 
ry.8 
63.3. Contoured Nozzle 
Figure 6.16a and 6.16b shows a plot of local mass transfer coefficients 
against radial distance for our converging qu&rter-elliptical contoured nozzle at 
z/d2.0 at various Reynolds numbers in the laminar flow range Re=900-1,500, 
using ethyl salicylate (S E) and 1-methyl naphthalene (S N) as swelling agents. 
In Run 248, performed with system 5E  at Re=910, the stagnation point 
M.T.C. is 2.89 cm/s corresponding to a fringe order of N26. At about r=0.5 cm 
i.e. at about r/d=0.5 dark fringes are seen to appear and subsequently split, 
one-half moving inward disappearing at r=0 and the other half moving outward 
in the radial direction. The line source at r/d0.5 is considered to be the 
location of a maximum in the mass transfer rate and the stagantion point, the 
point sink, location of minimum mass transfer rate. It is well established that 
the apparent motion of real-time interferometric fringes is away from regions 
of greater displacement towards relatively stationary locations. This 
fringe-splitting phenomenon is explained in detail in the next Section. Beyond 
r/d=0.5, mass transfer decreases monotonically. Similar observations are made 
in the other three experiments shown in Fig.6.16a-b. As Reynolds number is 
increased from Re=900 to 1,060 (Run 247) and 1,510 (Run 246) a zone of 
constant fringe number i.e. apparently constant mass transfer rate, is observed 
at about r/d=1.4-1.7, wherein only one fringe (dark or bright) lies, in contrast to 
several fringes lying in the adjacent zones of similar areas. 
In all the graphs shown in Fig.6.16a-b theoretical equations of Scholtz 
and Trass are also plotted. Equation (2.2), shown in cn• dash-line, is for a 
laminar round jet with initially parabolic velocity profile [8], eq.(2.4) shown in 
ar5er dash-line for a laminar round jet with initially flat (uniform) velocity 
profile [81. Eq.(2.8) shown in solid line is for the wall-jet region of an impinging 
round jet. In all the four experiments shown in Fig.6.16a-b the actual value of 
M.T.C. at the stagnation point is lower than the value given by eq.(2.2) for a 
Fig. 6.16a Plots of mass transfer coefficient against radial distance from stagnation Point 
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Dimensionless Radial Disonce, rid 	 Dimensionless Radial Oisance, rid 
0.00 	LOS 	2.10 	3.15 	4.20 	5.25 	6.30 	7.35 	0.00 	1.05 	2-10 	3.15 	4.20 	5.25 	6.30 	7.35 10- I 	 I 	 I 	 I 	 I 	 I I 	 I 	 I 	 I 	 I 	 I 	 I0 j 	 I 	 I 	 I 	 I 	 I 	 I 	 I 	 I 	 I 	 I 
- 	 Run 248 - 	 Run 247 
Re=909 	Sc=2.76 (ethyl salicylate) 	
6 	
fle=1,060 Sc=2.76 (ethyl salicylate) 
- 	 t (mins) 	 t (mins) 
(06- 	 v 	12.0 	 C06- 	 o 	6.0 
- 	 eq.(2.2), Scholtz and Trass [8] 
eq. (2.4), 	" 
S 4 
2_.- 
v v vv 
0- 	 I 	 P 	 I 	 I 	 I 	 I 	 I 	 I 
0 I 	2 	3 4 S 6 




7 	0 	1 	2 	3 	4 	$ 	6 
Radial Oisance, r cm 
7 
L. 
Fig. 6.16b Plots of mass transfer coefficient against radial distance from stagnation Point 
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parabolic jet and higher than that given by eq.(2.4) for a flat jet. In Run 248 the 
actual value of M.T.C., k=2.89 cm/s. is 43% less than that given by eq.(2.2), 
which is 4.15 cm/s and about 37% higher than that given by eq.(2.4), which is 
1.82 cm/s. Allowing for experimental errors the difference can be taken to be 
about 40%, which is also the case in the other experiments; Runs 246, 247 and 
249. 
Since these experiments were performed ata nozzle-to-plate distance 
of two nozzle diameters, 2d, the stagnation point results suggest that the initial 
jet profiles being uniform (flat) over most of their diameter at the nozzle exit 
would have become non-uniform just prior to impingement. Equations (2.4) 
and (2.8) coincide at about r/d2, beyond which the wall-let equation, eq.(2.8), 
would be applicable. 
Beyond r/d2, the wall-jet region, the experimental values of M.T.Cs. 
obtained in Runs 246, 247, 248 and 249 lie above the theoretical eq.(2.8) of 
Scholtz and Trass (101 on average by about 70%, 52% 55% and 68% 
respectively. The calculated values of Sherwood numbers in the wall-jet region 
for Re=900-1,060 fit, to within the experimental uncertainty of 11%, the 
correlation obtained for the plain tube nozzle, eq.(6.2), shown in Fig.6.10. At 
Re=1,510, however, the Sherwood numbers obtained with the contoured nozzle 
lie by about 20-25% above the values given by eq.(6.2). This is presumably due 
to the penetration of turbulenece into the laminar boundary layer in the region 
r/d=1.4-1.7, observed as a zone of constant fringe order in the interferogram. 
With the plain tube nozzle this phenomenon is not observed for Re less than 
Re=2,400. In the next Section it will be shown that as Re is increased, to 
turbulent region, the region of constant transfer rate i.e. r/d1.4-1.7, transforms 
into a region containing local minimum and maximum transfer rates. 
1*2 
6.4. Incompressible Turbulent Flows 
The primary aim of the following experiments was to obtain by the 
holographic means validated in the fore-going laminar flow experiments new 
holographic mass transfer data for submerged turbulent - jet flows, in particular 
at low nozzle to plate spacings. For these it has long been known that within 
the stagnation region the heat transfer coefficient varies non-monotonically [2]; 
but the details of this variation have not been made clear, since no quantitative 
theory exists and published measurements are not always consistent. Our 
purpose was to help to resolve such uncertainties by comparingOur holographic 
mass transfer data with the appropriate heat transfer data reported in the 
literature, using the heat and mass transfer analogy of Chilton and Colburn [141. 
Low Mach number turbulent flow experiments were carried out, both 
with the plain tube and the cbntoured nozzle, using n-tetradecane as the 
swelling agent at various nozzle to plate spacings and a range of Reynolds 
numbers. In some experiments, the swelling agents ethyl salicylate and 
1-methyl naphthalene were also used. The Mach number in all experiments 
was less than 0.2, so that compressibility effects were insignificant. 
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6.4.1. Plain Tube Nozzle 
Figure 6.17 shows a plot of absolute fringe order against radial 
distance from the stagnation point for a typical developing turbulent air jet 
issuing from the plain tube nozzle impinging at z/d=4.0 Re=10,300 on a polymer 
coated flat surface swollen in n-tetradecane. 
As shown in Fig.6.17, variation of fringe order with radial distance in 
some part of the flow field between the stagnation and wall jet regions is 
non-monotonic. This non-monotonic region of fringe production is marked by 
the periodic appearance there of a (circular) fringe acting as a source, from 
which dark and bright fringes are generated with subsequent broadening and 
splitting of the original fringe. The original position of the latter indicates the 
position of a local maximum mass transfer rate. One of the split dark fringes 
can be seen to move radially outwards, while the other moves in the opposite 
direction towards a region nearer the centre of the fringe system, where it 
disappears from view. The zone of disappearance is a region of local minimum 
mass transfer rate, concentric with the stagnation point 
In order to assign correct orders to the fringes in the non-monotonic 
region, the appropriate part of the procedure outlined in Section (3.3) was used. 
First fringe production rate in the monotonic wall let region of the flow field 
was measured by real time observation. Then orders were assigned to the 
fringes in a frozen-fringe interferogram obtained at the and of the experiment 
beginning with the outermost fringe in the monotonic region. Fringes were 
counted from this up to the "source" fringe at the rrcrcnik boundary of the 
monotonic region, where the mass transfer maximum is located. The ordinal 
number of this maximum fringe being thus established, the fringes within it 
were numbered from it in descending order until "sink" or minimum fringe near 
the stagnation region boundary. The region between the "sink" and the 
stagnation point constituets the inner monotonic region, where fringes are 
145 
numbered in ascending order starting with the fringe adjacent to the already 
numbered minimum fringe i.e. "sink" fringe, and ending with the fringe located 
at the stagnation point The stagnation point is also a "source" fringe and, 
therefore, is the location of maximum mass transfer in the inner boundary. 
Sometimes stationary "live" fringes were used in these measurements, 
obtained by observing the eroded surface through a hologram of its original 
state, developed and maintained in situ, after the impinging air-let ceased. 
Application of a smalideflecting force normal to the hologram would 
reconstruct the fringe movements previously observed to mark the 
non-monotonic region of the fringe production field, allowing easier and more 
accurate identification of the locations of fringe "source" and "sink", and 
facilitating accurate ordering of the fringes present at and in the vicinity of 
these locations. 
Thus in reference to Fig.6.17 the outermost fringe in the wall jet 
region has an absolute order of N=5, corresponding to a dark fringe. In the 
non-monotonic region the radial location of the fringe formation zone is at 
r=1.5 cm , where a dark fringe is present with an absolute fringe order t@15. 
Next to this location towards the stagnation region lies the location of fringe 
"sink" zone at r=1.2 cm, where a dark fringe is present with an absolute order 
of N13. In the region between r=1.2 cm and the stagnation point the fringe 
formation is monotonic, as in the wall jet region, with the centre of fringe 
production lying at the stagnation point. 
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6.4.1.1. Reproducibility of Experimental Data 
Figure 6.18 shows a plot of mass transfer coefficient against radial 
distance from the stagnation point for two experiments under dynamically 
similar conditions, at z/d4.0 and Re=10,300 using the plain tube nozzle. 
The generally good agreement within the experimental uncertainty 
between the data from the two runs is an indication of the reproducibility of 
the experimental data for turbulent jets. The vertical errorbars, shown for one 
set of data, represent the systematic error involved in the determination of the 
mass transfer coefficients. Horizontal errorbars, an indication of the uncertainty 
in locating the corresponding fringe centre from the stagnation point, are small 
and limited to the size of the symbols used to display the actual data points. 
As shown in Fig.6.18, there is a secondary maximum mass transfer 
coefficient at 1.5r1.7 cm (2.4r/d2.7), which is known to be due to the 
transition of, boundary layer from laminar to turbulent [2]. The error in the 
radial location of the secondary maximum mass transfer coefficient , known as 
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Fig.6.19. Local Sherwood number against dimensionless radial 
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6.4.12 Effect of Re on Local Mass Transfer Rates 
Figure 6.19 shows a plot of local Sherwood number against 
dimensionless radial distance for the plain tube nozzle at z/d2.0 and various 
Reynolds numbers in the range 4,900Re 13,550. As jet Reynolds number is 
increased from the laminar regime there is a systematic overall increase in 
mass transfer accompanied by characteristic local anomalies. First, a region of 
invariant mass transfer rate develops, which is observed in real time as fringe 
broadening. It seems probable that this happens because of interference of 
local flow eddies with the laminar boundary layer. Further increase of Reynolds 
number results in deeper penetration of the eddies into the laminar boundary 
layer with its subsequent transition to turbulence. This transition is apparently 
marked by appearance of minimum and maximum mass transfer coefficients at 
about r/d1.3 and 2.0 respectively. Such observations have been reported 
before, both in mass transfer (13] and heat transfer studies [2]. 
Figure 6.20 shows variation of the dimensionless mass transfer 
coefficient at the stagnation point. Sh 0 Sc 113, with Re for the plain tube nozzle 
at z/d=2.0 for both laminar and tubulent jets, as determined using three 
swelling agents. In the turbulent flow regime i.e. at Re2,400 the stagnation 
point transfer rate varies with Re 112  as in the laminar flow regime, i.e. at 
Re<1,800, discussed in the previous Section. In the turbulent regime, however, 
the log-log plot of stagnation point transfer rate lies about 30% lower than 
that in the laminar flow regime. This difference may be explained as follows. In 
the laminar flows the let emerging from the plain tube nozzle has a parabolic 
velocity profile, and as Reynolds number is inceased beyond Re-1,740 the jet 
profile changes until it becomes distinctly unparabolic i.e. relatively more 
uniform and invariant, at about Re=2,400. Thus, for a given jet Reynolds 
number based on cup-mean flow rate the centre-line or stagnation point 
velocity is lower for turbulent than for laminar flow. 
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The variation of stagnation mass transfer coefficient with Reynolds 
number in the turbulent regime i.e. Re).2,400, is found from Fig.6.20 to be; 
Sh 0 = 1.22 Re' /2  sc13 (6.8) 
This relation is of the form given by boundary layer theory [4]. The 
experimental uncertainty in the value of the constant is within the uncertainty 






















Fig.6.21 Local Sherwood number against dimensionless 
radial distance from the stagnation point for the plain 
tube nozzle (d=0.635 cm) at Re=10,300 and various z/d 
using n—tetradecane, Sc=3.58 
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6.4.1.3. Effect of z/d on Local Mass Transfer Rates 
Figure 6.21 is a plot of local Sherwood number against dimensionless 
radial distance for the plain tube nozzle at Re=10,300 and various z/d in the 
range 2.04z/dC10.0. In all these experiments the greatest value of Sherwood 
number occurs at the stagnation point. For both z/d=2.0 and 4.0 transition of 
the boundary layer flow from laminar to turbulent may be supposed to take 
place between impingement and wall-jet regions, resulting in local minima and 
maxima. For z/d=6.0 and above, the only maximum of the Sherwood number is 
at the stagnation point, which would imply that the jet here is fully-developed 
before impact with the surface, with monotonic variation of Sherwood number 
with radial distance. 
As for the variation of the stagnation point transfer rate with z!d, in 
the range zld-2.0-10.0 for Re=10,300. Fig.6.21 shows that the stagnation point 
Sherwood number reaches the greatest value found here, Sh 3=215.3, at z/d6.0, 
decreasing at higher zld. 
Figure 6.22 shows the observed variation of dimensionless stagnation 
point coefficient Sh 0 Re 2 5c 1 '2, with nozzle-to-plate spacing varied in the 
range z/d1-24 at Re=10,300 for the plain tube nozzle as determined using 
three swelling agents. Comparing our own data in the range z/d1-10 with 
that obtained at z/d=1.0; 
5h 0 = 1.71 Re 1 "2 Sc 113 	 (6.9) 
shows an increase of about 26% in the stagnation-point transfer rate between 
z/d=1.0 and 6.0. Beyond z/d=6.0 the stagnation-point transfer rate gradually 
decreases. 
In Fig.6.22 there is also shown the theoretical equation of Scholtz and 
Träss, eq.(2.4) [81, based on laminar boundary layer theory for a jet with flat 
velocity profile. The single mass transfer data-point determined by Dawson 













Fig.6.22 Stagnation point mass transfer data against dimensionless 
nozzle—to—plate spacing for the plain tube nozzle (d=0.635 cm) 
for three swelling agents at Re=10,300 
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z/d=8.8, and the heat transfer correlations of Hrycak [36], eq,(2.) and (2.26) are 
also shown. 
Our mass transfer data-point at z/d=1.0 is about 50% higher than the 
theoretical value given by eq.(2.4), which may be attributed to the 
non-uniformity in the velocity profile of the let on impact with the surface. At 
all values of z/d, our data lie below heat transfer correlations of Arycak [36]. 
Our stagnation-point data for z/d<10 are also comparable with the values 
given by the stagnation-point heat transfer correlation of Chamberlain [3]; 
Nu. = 1.16 Re 0.447  Pr  0.333 	 (6.10) 
obtained for z/d<7 with round tubes 0.635 and 0.962 cm in diameters for 
Re <67,000. 
Our mass transfer data obtained with n-tetradecane and ethyl 
salicvlate at Re=10,300 and z/d=8.8 agree with the data of Dawson and Trass at 
the stagnation point to within 1%. In fact, close agreement (within 10%) exists 
between our local transfer rates (Run 176) and those (not shown here) reported 
by Dawson and Tress [ill in the radial range between the stagnation point and 
r/d 5. 
In the fully-developed region, zld>_10, the data are plotted both as 511 0 
Re- 1/2  SC"3 and Sh 0 Re
-1/4  SC 113 . They are best represented for z/d10 by 
the following correlation; 
Sh 0 = 0.80 (zId)_0 ' 83  Re 314 Sc3 	
(6.11) 
The experimental uncertainties in the values of the constants are within the 
uncertainty in the determination of diffusion coefficients (Appendix VIII). Data 
obtained at various Reynolds numbers in the range Re7,000-13.550 at and 
above z/d=10 are also found to fit the above correlation, eq.(6.1 1). variation of 
stagnation-point transfer rate with Re 
3/4  at z/d)10.0 suggest that at these 
distances penetration of turbulence into the laminar boundary layer is 
sufficiently high to result in transition of the laminar boundary layer to 
turbulent. 
6.4.2. Contoured Nozzle 
Figure 6.23 shows a plot of absolute fringe order against radial 
distance obtained for the contoured nozzle (d=0.952 cm) using n-tetradecane at 
z/d=2.0 and Re=10400. In addition to what is observed with the plain tube 
nozzle, Fig.6.17, at about r/d0.5 there is a source of fringe production, where 
fringes regularly appear and subsequently split. One of the split fringes moves 
inward, where it disappears at the stagnation point (which is thus a local 
minimum of mass transfer rate in this case) and the other moves outward. As 
described before, at high turbulent flows with the plain tube there is a fringe 
production source at around rIth2.0 and a fringe sink at about r/d1.3. Similar 
phenomena also occur with the contoured nozzle, but here the inward moving 
fringe originating from a fringe-split at about r/d2.0 meets and combines wi,th 
the outward moving fringe originating at rId0.5. The combined fringes 
subsequently disappear at about r/d1.0. Thus the fringe field with the 
contoured nozzle has two zones of fringe source at r/d0.5 and 2.0 (locations 
of maximum mass transfer coefficient) and two zones of fringe sink at rId0.0 
and 1.0 (locations of minimum mass transfer coefficient). 
Figure 6.24 shows a plot of mass transfer coefficient against 
dimensionless radial distance for the contoured nozzle at z1d2.0 and 
Re10k00. The inner minimum and maximum transfer rate located at r/d0.0 
and 0.5 for z/d=2:0 are caused according to Gardon and Akfirat [21 by the 
thinning of the laminar boundary layer. As shown in Fig.6.16a-b, These are also 
present in the laminar flow region i.e. at Re900-1,500. They are not however, 
found in laminar or turbulent plain tube jet flows, implying that with this plain 
tube at z/d=2.0 thinning of the laminar boundary layer in the stagnation region 
does not occur. 
The outer minimum and maximum transfer rates located at r/d1.3 and 
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turbulent (21 are not observed in the laminar flow regime either of the plain 
tube or the contoured nozzle. 
In Fig.6.24 another set of data obtained at the same Re, but at z/thl.O 
is superimposed on those obtained at z/d2.0. The mass transfer profiles at 
two different values of z/d, both within the jet potential core-length, are similar 
within the experimental uncertainties. 
6.4.2.1. Effect of Re on Local Mass Transfer Rates 
Figure 6.25 shows a plot of local Sherwood number against 
dimensionless radial distance for the contoured nozzle at z/d2.0 at various 
Reynolds numbers in the range 4,900ReC13,560. As expected, increase in 
Reynolds number increases the local mass transfer rate at all zld. The 
panorama is much the same as with the plain tube nozzle, except at the 
stagnation region, where there is a minimum and maximum mass transfer rate 
at about r/d=O.O and r/d=0.5 respectively. 
Fig.6.26 shows a plot of Sh 0 Sc 13  against Re for three swelling 
agents at z/d=2.0. The best fit line through the data is about 10% below that 
obtained for the plain tube nozzle turbulent jet with Re2,400 shown in 
Fig.6.20; i.e., for the contoured nozzle for Re900-29,600; 
































Fig.6.25 Local Sherwood number against dimensionless 
radial distance from the stagnation point for the 
ro 	 contoured nozzle (d=0.952 cm) z/dr2.0 
and various Re using n—tetradecane, Sc=3.61 
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Fig.8.26 Dimensionless stagnation mass transfer coefficient 
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	 against Reynolds number for the contoured nozzle 
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6.4.2.2. Effect of zfd on Local Mass Transfer Rates 
Figure 6.27 is a plot of local Sherwood number against dimensionless 
radial distance for the contoured nozzle at Re=10,400 and various z/d in the 
range 2.0.Cz/d10.0. According to the interpretation above for the inner 
manimum and maximum, cited above, there is apparently no boundary layer 
transition between impingement and wall-jet zones from laminar to turbulent at 
or above z1d4.0, since Fig.6.27 shows that for all larger values of z/d the radial 
variation of Sherwood number is monotonic decreasing from the stagnation 
point. The implication is that the impinging jet issuing from the contoured 
nozzle is fully turbulent on impact at or above z/d4.0. At z/d2.0, on the other 
hand, the radial variation of Sherwood number is characterised by inner and 
outer local maxima. 
As for the variation of the stagnation Sherwood number with z/d, in 
the range z/d=2.0-10.0 Fig.6.27 shows that Sh 0 increases from zd2 to 4 and 
decreases with further increase of z/d. 
Figure 6.28 shows a plot of Ski 0 Re112 
SC-1/3 against dimensionless 
nozzle-to-plate spacing varied in the range z!d1-15 at Re=10,300. Theoretical 
values of transfer rates based on the theory of Chia at al [9], eq.(2.35), heat 
transfer correlations of Dyban and Mazur [461, and Hrycak [36] are also shown. 
At z/da1.0 the stagnation-point transfer rate is 60% above the theoretical value 
given by eq.(2.4) for a jet with flat velocity profile, presumably due to the 
non-uniformity in the velocity profile of the jet on impact with the surface. 
Comparing our own data in the range z/d1-10 with that obtained at 
z/d=1.0, which is represented by; 
Sh 0 = 1.15 Re 1/2 SCl/3 
	
(6.13) 
shows an increase of about 26% in the stagnation point transfer rate between 


























Fig.6.27 Local Sherwood number against 
dimensionless radial distance for the 
contoured nozzle (d=0.952 cm) at Re=10,400 
and various z/d using n—tetradecane, Sc=3.60 
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Fig.6.28 Dimensionless stagnation mass transfer coefficient against 
dimenijoniess radial distance for the contoured nozzle 
(d=0.952 cm) for three swelling agents at Re=1O,.400 
a n—tetradecane 	(Sc=3,58) 
2 	 - 	 v ethyl salicylate (Sc=2.76) 
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Our mass transfer data agrees very well with Chia's [9] theoretical 
values at and above z/d=6, but not below it. The heat transfer coefficient 
values given by the correlations of Hrycak (361 lie above our mass transfer data 
for the entire range of z/d and those given by the correlations of Dyban and 
Mazur [46] lie below our data. At z/d=8.0 our data lie about 40% below the 
value given by Hrycak's correlation and about 15% above the value given by 
Dyban and Mazur's. Data obtained at and above z/d10 at Re10,4 00  with the 
contoured nozzle fit the correlation, eq.(6.1 1), obtained for the plain tube. The 
data-point shown at z/cl=12.0 was obtained at Re28,080 with the total internal 
reflection method, which is about 20% below the value given by eq.(6.1 1). 
8.4.3. Comparison Between Our Data Obtained With The Contoured Nozzle And 
Those Obtained With The Plain Tube 
At z/d=1.0 and Re=10,300, the mass transfer data obtained with the 
plain tube, eq.(6.9), is similar to that obtained with the contoured nozzle, 
eq.(6.13). This suggests that at this particular z/d the velocity profiles of the 
lets at thetvnysk.tPb14 are nearly identical. With both nozzles variation of 
stagnation-point transfer rate with nozzle to plate spacing in the range 
z/d=1-10 for Re.10,300 is found to be non-monotonic. At z/d values higher 
than z/d=1.0 and upto zld=10 the differences in the stagnation-point transfer 
rates obtained with these nozzles are within 10%. At and above z/d10 
t stagnation-point transfer rate for the jet issuing from the contoured nozzle can 
be determined from the correlation, eq.(6.1 1) obtained for the plain tube. 
Characteristic differences between the two nozzles are observed in the 
radial distribution of the transfer coefficients particularly at low S nozzle to plate 
spacings e.g. zld=2.0 as shown in Fig.6.19 for the plain tube and in Fig.6.25 for 














for three different round nozzles at z/d=2.0 
and Re=10,000 at varying r/d 
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Fig.6.29 Comparison of local measurements of i s and J0 
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6.4.4-Comparison Between Our Mass Transfer And Other Heat Transfer Data 
Below a comparison is made between local heat transfer j-factors 
based on local heat transfer data published in the literature, and local mass 
transfer j-factors based on the present holographic measurements of local 
mass transfer coefficients. Figure 6.29 shows a plot of heat and mass transfer 
j-factors against dimensionless radial distance at nozzle-to-plate spacing of 
z/d2.0 and Reynolds number of about Re10,000. The plot contains two sets of 
local values of 'H  based on heat transfer measurements of Gardon and Akfirat 
[2]. and Koopman and Sparrow (31], reported for a contoured nozzle and an 
orifice respectively. They are compared with two sets of local values of Jo for 
the two nozzles, contoured and plain tube, obtained at Re10,300 in the present 
experiments. 
At the stagnation point, j o  value for our contoured nozzle is in close 
agreement of the IM  value for the orifice. The jH value for the contoured nozzle 
of Gradon and Akfirat [21 is about 35% lower. The agreement between j0 and 
JH for the orifice breaks down beyond the stagnation region, presumably 
because of entrainment effects known to influence rapidly (311 the jet issuing 
from the orifice. There is a good agreement between the locations of the 
"inner and "outer" peaks observed for the contoured nozzle and those reported 
by Gardon and Akfirat for a similar nozzle geometry. The set of j 0 values for 
the plain tube nozzle lies, except at the stagnation point between those for the 
contoured nozzle and jH values of Gardon and Akfirat. 
Figure 6.30a shows a plot of mass and heat transfer j-factors against 
radial distance for three contoured nozzles of various diameters in the range 
d=0.635-2.0 cm for z/d=2.0 and Re=30,000. Our mass transfer data (Run 260) 
are compared with the heat transfer data of Gardon and Akflrat [21 and Obot at 
al [82]. There is a good agreement in the locations of local minima and 
maxima present in the impingement and transition regions between our 
Fig.8.30a Comparison of local measurements of j and j, for contoured 
nozzles at z/d=2.0 and Re=29,000 
7 
Nozzle 	Measurement 
o —o contoured 	in 
x —x contoured in 
o —o contoured 	jD 
d (cm) 	 reference 
0.635 	Gardon & AJ.cfirat [2]; Re=28,000 
2.0 - Obot et al [82]; Re=29,900 
0.952 	present work (n—tetradecane) 











11 	2 	3 	4 	5 	6 	7 	8 	9 	10 











contoured nozzles at z/th12.0 and Re28,000 
Nozzle Measurement d 	(cm) reFerence 
JH o—o 
 
contoured 1.0 Obor 	et- 	ci 	(82] 	; 	Pe28,090 
cc contoured Jo 0.952 present- 	study 	(n-fret-radeccne) 
(Run 279 ; 	Tot-al 	Internal 



















Fi9.5.30b Comparison oF local measurements oF JH  and Jo  For two 
Co 
 
2 	3 	4 	5 	8 	7 
Radial Distance r/d 
















observations and those reported in the literature, as shown in Fig.30a. The 
local peak observed by Obot at at (82] at about r/d=6, however, is not observed 
either in our work or in Gardon and Akfirat's [2] observations. 
Our data with an experimental uncertainty of ±8% lie above the heat 
transfer data in the radial range r/d=0-5. Gardon and Akfirat [2] did not report 
their experimental uncertainties, but Obot at at (82] gave a ±5% uncertainty in 
their measurement of heat transfer coefficients. 
Figure 6.30b shows a comparison between IH and j0 values for a 
fully-developed jet at zJth12.0 and Re=28,000. The local jH values are based on 
heat transfer data of Obot at at [82], reported for a jet issuing from a contoured 
nozzle of exit diameter d=1.0 cm, which are compared with the local values of 
j 0  obtained for the contoured nozzle at Re=27,600(Run 279). The agreement 
between the two sets of.data, within the experimental uncertainties, is good. 
From the above comparisons of local mass transfer j-factors based on 
the present holographic measurement of mass transfer coefficients and local 
heat transfer j-factors based on thermal measurements reported in the 
literature, it can be concluded that the analogy of Chilton and Colburn (14] can 
be used to obtain local heat transfer data from local mass transfer 
measurements determined by holographic interferometry based on real time 
observations and employing the swollen polymer model of Macleod and Todd 
(23]. 
6.4_sExperiments With The Total Internal Reflection Method 
The limited mass transfer data obtained with the total internal 
reflection method are included in Fig.6.1 1 for laminar jet-flows and in Fig.6.28, 
6.30a and 6.30b for turbulent jet-flows. These data are also tabulated along 
with those obtained with the front viewing method in Appendix (I). The main 
difficulties encountered with this method were (a) presence of 	specular 
reflection blinding the mass transferring surface. This' effect was minimised by 
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taking the following steps; 
- Application of the anti-reflection coating to the prism, and 
- Inclusion of a neutral density filter (10% transmission) and a ground 
glass in the optical circuit, Section 5.4, shown in Fig.3.2. 
Despite these modifications presence of glare (e.g. Fig.6.31c) around the 
stagnation point of the impinging jet resulted in uncertainty as high as 20% in 
the order number of the fringe near the stagnation point. Outside the 
stagnation region, however, fringes could be numbered accurately. 
(b) Progressive deterioation in the fringe contrast as mass transfer 
proceeded. This problem also encountered in the electronic speckle pattern 
interferometry (79] is apparently due to an effect known as "decorrelation", 
which occurs as swollen polymer layer recesses. In the total internal reflection 
method, as opposed to the front view method, laser light is reflected at the 
air/swollen polymer coating interface, Fig.8.3.2, and therefore, local irregularities 
on the surface of recessing polymer coating might cause deviations of the 
reflected beam from its original path resulting in deterioation of the contrast of 
interference fringes. 
65 Suitability Of The Swelling Agents 
All the swelling agents were found to be suitble for use with the 
silicone polymer coating. Ethyl salicylate and 1-methyl naphthalene were found 
to be suitable for use in low mass transfer rate situations, whereas 
n-tetradecane due to its long constant rate period was found to be suitable 
both for low and high mass transfer rate situations. 
The most suitable swelling agent for all forced-convective mass 
transfer situations would be n-tetradecane due to its long constant rate period. 
1-methyl naphthalene, the most volatile of the three swelling agents used in 
the present experiments, would be suitable for use in investigation of natural 
convection problems. Its vapour pressure at ambient temperatures is well 
known, given by two different sources, as shown in Appendix (V). 
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6.6. Holographic Equipment Performance 
S.G.I. Holographic Recording Device Performance 
The holographic equipment has performed reliably and satisfactorily, 
providing convenient and speedy production of holograms. 
The following problems were, however, encountered with the 
equipment at the start up and during the course of the research; 
- The holographic system controller, HC-500, failed to operate at the 
start up of the experimental set up. Following the replacement of its 
electronic circuit board, apparently the centre of the problem, with a 
new one by the suppliers it performed consistently thereafter. 
- The 2 amp fuse on the holographic recorder. HC-320, failed, which 
was replaced by a 3 amp fuse as advised by the supplier. 
- At the start up and during the course of the experimental work the 
846-HP shutters failed repeatedly. The object and reference beam 
shutteres, each having failed twice on separate occasions, were the 
most unreliable components of the holographic system. Their 
breakdowns were apparently due to the failure of glue-seals used in 
the internal structure of these shutters. 
A modification in the design of 846-HP shutters would be necessary in 
order to improve their performance and reliability, on which economic use of 
the entire holographic system in automatic mode controlled by HC-500 
depends. A further design modification to save time and reduce cost of 
experimental work may include improvement of the holographic plate holder for 
secure and dimensionally-stable holograms to eliminate formation of 
undesirable displacement fringes experienced in the present experiments 
outlined in Section 6.1.3. A successful modification may eliminate formation of 
these displacement fringes, which are found to be present on about 10% of the 
holograms made following the instructions given in Section 6.1.3. 
6.6.2. Holographic plate (HC-301) Life-time 
The thermoplastic plate life-time under our environmental and 
operating conditions, free of potentially damaging oil particles and benefiting 
from minimum presence of dust, has not been ideal in so far as costs are 
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concerned. The cost of a HC-301 is 250 Pounds Starlings at 1990 prices. The 
manufactures had intially claimed a life-time of 1000 cycles per plate 1751. 
which is now downrated to 300 cycles [83]. 
In the course of the present research a total of eight holographic 
plates, HC-301, were handled. Of these one completley failed to operate. The 
others only recorded high quality holograms, subsequently producing relatively 
high contrast-fringes, for upto 50 cycles, beyond which (a) more "faulty" 
holograms were obtained and (b) quality of the recorded holograms 
progressively decreased. The term "faulty" correponds to an unsuccessful 
operation, which ends with appearance of "fault" light on HC-320. These "faulty" 
holograms are not due to wrong beam ratio, unequal beam pathlengths etc in 
the optical arrangement described in Sections 3.1.4 and 3.1.5. 
The first thermoplastic plate used was HC-301 no.8612010-056, the 
numbers correspond to the 56th  plate of the batch manufactured on the 
15t 
December 1986. This plate was operated through 125 cycles only, of which 13 
resulted in "faulty" holograms. When the corona voltage, Section 4.4.2, [751 was 
checked its value was 33% higher than the recommended value given in. 
reference [751. Thus, this particular plate might have been damaged by the 
initially high corona voltage subsequently reducing its life-time. Before making 
further holograms the corona voltage was set at its correct value [751. The 
develop voltage, Section 4.4.3, however, was similar to the value given in 
reference (75]. As for diffraction efficiencies, Section 4.4.6, the highest value 
recorded for holograms was 5%, much smaller than the claimed 10-12% by the 
manufacturer [75,77]. The 2% diffraction efficiency was found to correspond to 
holograms of good quality resulting in interference mass transfer fringes of 
sufficient contrast suitable for video recording. Diffraction efficiency of 1% or 
less resulted in fringes of poor contrast unsuitable for video recording. 
The HC-301 plates no.870327001 was only used for total of 70 cycles. 
It failed to record more holograms. HC-301 no.860820025 was used for 123 
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cycles, of which 36 resulted in "faulty" holograms. Other HC-301 plates 
no.870327002, 870717037 and 870714040 permitted 105, 123 and 141 successful 
hologram recordings respectively. 
In the course of the research the following procedure advised by Mr 
Sharp of NRC [841 was followed in order to increase the life-time of the plates 
to economically important target level of 300 cycles; 
Regular cleaning of the coronatron anode wire with a 
cotton-piece initially dipped in acetone, 
Gradual increase of corona voltage, and 
Gradual increase of develop voltage. 
It was also advised to check corona voltages on regular monthly basis. 
Initially step one alone was followed, but with a limited success. It 
was found necessary to increase gradually the develop and corona voltages, 
initially set by the manufacturer, in order to improve plate life-time. As a 
result HC-301 no.870717037 was used to record successfully a further 134 
holograms before diffraction efficiency had fallen to 1%. The total number of 
holograms recorded on this plate was, therefore, increased to 257 giving a cost 
of just over one Pound per hologram. With HC-301 no.870327002, however, 
only a further 6 holograms were recorded giving a total recordings of 111 
holograms. The cost of production for this particular plate was, therefore, high 
at 2.25 Pounds per record. HC-301 no.870714040, on the other hand, failed to 
respond favourably to the gradual changes made in corona and develop 
voltages, having already been through 141 successful cycles giving a cost per 
hologram of 1.77 Pounds. The last three HC-301 plates i.e. nos.870717037, 
870327002 and 870714040, used extensively in the present research, therefore, 
recorded in total 509 holograms with a cost , on average, of 1.47 Pounds per 
hologram recorded. 
Before using a new RC-301 plate, the corona and develop voltage was 
set to their initial values with the help of a Gould digital storage oscilloscope. 
This was done for instance prior to the use of the last plate, no.88007012. in 
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the research. It was operated through 71 cycles, at the time recording 
holograms of satisfactory quality. 
17-7 
Fig. 6.31a An interferogram showing uniform field of mass transfer 
fringes (Run 279, zld=12.0, Re=29,600 and Sc3.58) 
Fig. 6.31b An interterograrn showing non-uniform field of mass 
transfer fringes obtained with the Front View method and with the contoured 
nozzle, where two local minima and two local maxima are present at (r -O and 
1.1 cm) and at (r=0.4 and 1.6 cm) respectively. (Run 227, z/d2.0, Re10,400 
and Sc=3.61) 
Fig. 6.31c An interforograni showing non-uniform field of mass 
transfer fringes obtained with the Total Internal Reflection method and with the 
contoured nozzle, where two local minima and two local maxima are present at 
(r-O and 1.2 cm) and (r=0.5 and 2 cm ) respectively. (Run 275, z/d2.0, 
Re=18,800 and Sc3.58) 
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Chapter 7. 
CONCLUSIONS AND RECOMMENDATIONS 
In the research work presented in the preceding chapters the swollen 
polymer method was used in conjunction with the optical technique of real 
time holographic interferometry to make profilometric measurements of mass 
transfer rates from a flat plate due to normal impingement of an isothermal 
axisymmetric submerged let of air. The required holograms were made almost 
instantly using a proprietary holocamera and a thermoplastic recording medium 
on which holograms were recorded and subsequently developed. 
Laminar and turbulent jet-flow experiments were made using two 
types of nozzles; one a plain tube nozzle and the other a contoured nozzle. 
Various nozzle to plate spacings in the range 0.264z/d24.0 and Reynolds 
numbers in the range 700Re29,600. The effect of Schmidt number on mass 
transfer was investigated in the range 2.64Sc43.62.. 
Laminar jet data were obtained for three swelling agents; ethyl 
salicylate, 1-methyl naphthalene and n-tetradecane. With the plain tube nozzle 
(d=0.635 cm), transfer coefficients in the impingement region, 0Cr/d<0.6, at 
700Re1,700 and 0.26z/dC5.0 were found to agree, to within ±3%, with the 
theoretical equations of Scholtz and Trass 181, eq.(2.2). The agreement was well 
within the uncertainty of 10% in the determination of diffusion coefficients of 
the swelling agents used. Beyond r/d0.6, on the other hand, our local 
dimensionless transfer coefficients in the range 0.6r/d<2.0 were best 
correlated by; 
Sh = 0.93 Re05 Sc0361 (r/d °8 
The experimental uncertainties in the values of the constant and the exponent 
of rid were 4% and 6% respectively. Within the above range our data are on 
average 20% higher than the values given by the transition eq42.10) of Scholtz 
iSo 
and Trass [81. 
In the range 2.0<r/dC5.0 the data are correlated by; 
Sh = 1.18 Re 0-5 Sc0361 (r/d) -11 
With similar experimental uncertainties in the values of the constant and the 
exponent of rid as in the previous correlation. Within the above range our data 
are on average 40% higher than the values given by the wall-jet theory, 
eq.(2.8). of Scholtz and Trass [101. Beyond r/d=6 the experimental data obtained 
were found generally to agree with the wall-jet theory of Scholtz and Trass 
[101. The implication is that only at distances beyond r/d=6 can the theory of 
Scholtz and Tress be used to predict mass transfer rates. 
Independence of the experimental mass transfer data in the form of Sh 
Sc 0361  from the swelling agent used confirmed the correctness of the vapour 
pressure data of Paterson et al [281 for all the three swelling agents. The 
vapour pressure data of Kapur and Macleod [261 for ethyl salicylate is 
accordingly found to be incorrect. 
The stagnation-point transfer rate was found to be independent of zid 
in the range 0.26.z/d12.0. In the range 12.0<zid20.0 measurements were 
best correlated by; 
Sh 0 = 34.7 Re 1/2 Sc U3  (rid 54 
With an experimenal uncertainty of about 5% in the values of the constant and 
the exponent of rid. 
Turbulent jet data showed transition of laminar boundary layer to 
turbulent for both plain tube and contoured nozzle resulting in nonuniform 
mass transfer field in the radial region 1 cr/d<2 at zid4.0 and Re)10,300. 
There was also evidence of effect of nozzle geometry on mass transfer rate in 
the impingement region, r/d0.5, at z/d 2.0. The mass transfer field in the 
impingement region for the contoured nozzle was non-uniform, but it was 
uniform for the plain tube nozzle indicating no effect of 
plain-tube-nozzle-geometry on mass transfer in the impingement region. The 
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effect of contoured-nozzle-geometry on mass transfer in the impingement 
region was dependent on nozzle to plate spacing and independent of Reynolds 
number. The effect was present in both laminar and turbulent jet-flows at 
z/d= 1.0-2.0. 
The variation of the stagnation point mass transfer coefficient with 
Reynolds number for the plain tube nozzle for z/d2.0 and ReZ400 -13 , 550  was 
found to be correlated by; 
Sh 3 = 1.22 R e VZ Sc V3 
For Re10,300 the dimensionless value of the stagnation-point transfer 
coefficient at z/d=1.0 was found to be 50% higher than the value given by the 
laminar boundary layer theory, presumably due to the nonuniformity in the 
velocity profile of our jet on impact with the surface. At higher values of z/d 
our data were comparable with heat and mass transfer data available in the 
literature. Between z/d=1.0 and 6.0 there was an increase of 26% in the 
stagnation-point transfer rate. Beyond z/d=6.0 the stagnation-point transfer rate 
gradually decreased. 
In the range 10.0z/d24.0 the stagnation-point mass transfer 
coefficient for Re=7,000-13,550 was found to be correlated by; 
Sh 0 = 0.80 (z/d) 083 11e 3"4 Sc 1"3 
For the contoured nozzle, variation of the stagnation mass transfer 
coefficient with the Reynolds number for z/d=2.0 and 900Re29,600 was 
correlated by; 
Sh 0 = 1.12 Re 112 Sc 3 
For Re=10,300 the dimensionless value of the stagnation-point transfer 
coefficient at z/d=1.0 were found to be 60% higher than those given by laminar 
boundary layer theory. In the range z/d6-15, however, our data were 
comparable with the theoretical values of Chia at al [9]. 
For z/d10.0 and Re7,000 it was found the correlation obtained for 
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the plain tube. eq.(6.1 1), could be used to estimate transfer coefficients at the 
stagnation point 
Comparison of mass transfer j-factors obtained holographically in the 
present work with the heat transfer j-factors reported in the literature indicated 
the possibility, in principle, of obtaining heat transfer correlations for similar 
systems from mass transfer data using the swollen polymer method and the 
interferometric technique of holography in real time. 
Limited experiments with the total internal reflection method indicate 
the potential of this technique in terms of minimisation of fringe instability to 
render its applications in various mass (and heat) transfer studies. Further 
modifications of this method would be required in order to improve fringe 
contrast by; 
- Further reduction in specular reflections so that uncertainty in 
assigning orders to fringes in the vicinity of the stagnation point is 
minimized. 
- Prevention of deteriOation of fringe contrast as mass transfer 
proceeds. 
These improvements if realised should lead to the use of automatic fringe 
counting and analysis, which would enhance further the capability of the 
holographic technique as a powerful and efficient interferometric tool in 
industrial applications. 
The performance of the holographic equipment has been generally 
satisfactory. Improvement in the life-time of the thermoplastic recording plate, 
HC-301, is of major concern in order to reduce the cost of hologram-making 
process with this system so that it is comparable with the conventional 
photographic processing of holograms. The average cost of hologram 
recording in the present research was about 1.5 Pounds Sterling per hologram 
made. Improvement in the design of the 846-HP shutters would be necessary 
to enhance their performance and reliability, on which economic use of the 
entire holographic system in automatic mode depends. It is also suggested 
that the modification of the holographic plate holder may eliminate formation 
t 8 3 
of undesirable displacement fringes present on about 10% of the holograms 
recorded. 
It is recommended that corona and develop voltages are checked 
regularly on monthly basis • and the coronatron anode wire is regularly cleaned 
with a cotton-piece dipped in acetone. The thermoplatic recording plate, 
HC-301, should be kept boxed in erased state when not in use to prolong its 
life-time. 
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I. EXPERIMENTAL DATA 
Unless otherwise stated all the data tabulated in this appendix 
were obtained with the Front View method. 
Data for Run 91 
Mass transfer duration= 36.00 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing= 4.00 
Temperature 	= 24.30 	C 
Vapour pressure 	= 1.8195 N1m2 
Diffusion Coefficient- 0.0429 cm2is 
Reynolds No= 1562.9 
Schmidt No 	3.59 
Laminar Mass Transfer Results for air/tetradecane system 
rid 	N k(cmis) Sh 
± 4% ±11% 
2.68 21 1.71 25.29 
2.99 19 1.55 22.88 
3.15 18 1.47 21.68 
3.31 17 1.38 20.48 
3.54 15 1.22 18.07 
3.94 13 1.06 15.66 
4.17 12 0.98 14.45 
4.41 11 0.90 13.25 
4.80 10 0.81 12.04 
5.20 9 0.73 10.84 
5.75 8 0.65 9.64 
6.30 7 0.57 8.43 
7.09 6 0.49 7.23 
8.03 5 0.41 6.02 
= = = = = = = = = = = == = == = = = 
18 5~z 
Data For Run 114 
Mass transfer duration= 12.00 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing= 4.00 
Temperature 	= 23.50 	C 
Vapour pressure 	1.6829 N1m2 
Diffusion Coefficient 	0.0428 cm2/s 
Reynolds No= 1460.4 
Schmidt No 	3.58 
Laminar Mass Transfer Results for air/tetradecane system 
========= 
rid 	N k(cmis) Sh 
±4% 	±11% 
0.00 26 6.85 101.18 
0.31 25 6.59 	97.77 
0.47 23 6.06 89.95 
0.55 21 5.53 82.12 
0.63 19 5.01 74.30 
0.79 17 4.48 66.48 
0.95 15 3.95 58.66 
1.26 13 3.43 50.84 
1.58 11 2.90 43.02 
2.21 9 2.37 35.20 
2.52 8 2.11 31.29 
2.84 7 1.84 27.37 
3.15 6 1.58 23.46 
3.94 5 1.32 19.55 
5.51 4 1.05 15.64 
7.09 3 0.79 11.73 
Data For Run 126 
Mass transfer duration= 3.00 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing= 4.00 
Temperature 	= 23.60 	C 
Vapour pressure 	7.9993 N/rn2 
Diffusion Coefficient= 0.0580 cm2/s 
Reynolds No= 1156.2 
Schmidt No= 	2.64 
Laminar Mass Transfer Results for air/1-methyl naphthalene system 
= == = == === = = = = = == == == = = = = = = = = == = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
r/d 	N k(cm/s) Sh 
- ±4% ±11% 
0.00 18 7.43 	81.38 
0.39 17 7.02 76.86 
0.63 15 6.19 	67.82 
0.79 13 5.37 58.78 
1.10 	11 4.54 	49.73 
1.42 9 3.72 40.69 
1.89 	7 2.89 	31.65 
2.36 6 2.48 27.13 
2.68 	5 2.06 	22.61 
3.31 4 1.65 18.09 
3.94 	3 1.24 	13.56 
Data For Run 140 
Mass transfer duration= 6.00 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing= 5.00 
Temperature 	= 25.86 	C 
Vapour pressure 	= 2.1160 N/m2 
Diffusion Coefficient= 0.0433 cm2/s 
Reynolds No= 1144.6 
Schmidt No= 	3.57 
Laminar Mass Transfer Results for air/tetradecane system 
rid 	N 	k(crnis) 	Sh 
±4% 	±11% 
0.00 14 5.91 86.72 
0.31 13 5.49 80.53 
0.63 11 4.65 68.14 
0.79 9 3.80 55.75 
1.18 7 2.96 43.36 
1.57 6 2.53 37.17 
1.89 5 2.11 30.97 
2.68 4 1.69 24.78 
3.46 3 1.27 18.58 
Data For Run 144 
Mass transfer duration= 3.00 minutes 
Nozzle dameter 	= 0.635 cm 
Nozzle-Plate spacing= 2.0 
Temperature 	= 24.80 °C 
Vapour pressure 	= 8.4056 N/m2 
Diffusion Coefficient= 0.0560 cm2/s 
Reynolds No= 1150.0 
Schmidt No= 	2.75 
Laminar Mass Transfer Results for air/ethyl salicylate system 
= = == = === = = == = = = = = == = ==== = = == = = = = == = = = == = = = = = = = = = = == = == = = = = = = 
r/d N k(crn/s) Sh 
±4% 	±11% 
0.00 18 6.74 76.42 
0.31 17 6.36 72.17 
0.47 15 5.62 63.68 
0.63 13 4.87 55.19 
0.79 11 4.12 46.70 
1.10 9 3.37 38.21 
1.57 7 2.62 29.72 
2.20 5 1.87 21.23 
3.15 3 1.12 12.74 
3.94 2 0.75 8.49 
472 1 0.37 4.25 
Data For Rum 144 
Mass transfer duration 6.00 minutes 
Nozzle darneter 	= 0.635 cm 
Nozzle-Plate spacing 2.0 
Temperature 	= 25.10 °C 
Vapour pressure 	8.6043 N1m2 
Diffusion Coefficient 	0.0560 crn2is 
Reynolds No= 1150.0 
Schmidt No= 	2.75 
Laminar Mass Transfer Results for air/ethyl salicylate system 
= = === = ==== = = == = = = ==== = = = == = = === == = = = == = = = = == = = = = == = = = = = = = = = 
rid N k(cm/s) Sh 
±4% 	±11% 	 * 
1.57 15 2.75 	31.14 
1.97 13 2.38 26.99 
2.36 11 	2.01 	22.83 
2.99 9 1.65 18.68 
3.46 7 1.28 	14.53 
3.94 6 	1.10 12.45 
4.72 5 0.92 	10.38 
5.51 4 0.73 8.30 
6.30 3 0.55 	6.23 
7.87 2 0.37 4.15 
9.45 1 0.18 	2.08 
= = === = == = == === == = = = = = = = = = = = = = = = = = 5 = = = = = = = = = = = = = = = = 
Umn 
Data For Run 145 
Mass transfer duration= 3.00 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing 2.0 
Temperature 	= 25.40 ° C 
Vapour pressure 	= 9.1055 N/mQ 
Diffusion Coefficient 	0.0587 cm2/s 
Reynolds No= 1147.2 
Schmidt No 	2.63 
Laminar Mass Transfer Results for air/1-methyl naphthalene system 
== == ===c = = = = = === = == = = = == = == = = == == = == = = = = = = = = = = = = = = == = == = = = = = = = 
rid 	N k(cmis) Sh 
±4% ±11% 
0.31 19 6.94 75.05 
0.47 17 6.21 67.15 
0.63 15 5.48 59.25 
0.94 13 4.75 51.35 
1.81 11 4.02 43.45 
1.42 9 3.29 35.65 
1.73 7 2.56 27.65 
2.36 5 1.83 19.75 
3.46 3 1.10 11.85 
5.51 1 0.37 3.95 
t9 I 
Data For Run 152 
Mass transfer duration= 6.00 minutes 
Nozzle diameter 	= 0.535 cm 
Nozzle-Plate spacing 2.0 
Temperature 	= 25.15 °C 
Vapour pressure 	1.9758 N1m2 
Diffusion Coefficient 	0.0432 cm2is 
Reynolds No= 1150.0 
Schmidt No 	3.57 
Laminar Mass Transfer Results for air/tetradecane system 
rid 	N k(cm/s) Sh 
±4% 	±11% 
0.16 13 5.87 86.28 
0.47 11 4.96 73.00 
0.71 9 4.06 59.73 
0.94 7 3.16 46.46 
1.26 6 2.71 39.82 
1.57 5 2.26 33.18 
2.05 4 1.81 26.55 
2.52 3 135 19.91 
4.41 2 0.90 13.27 
6.30 1 0.45 6.64 
= = == == = = = = = = = = = = == = == = = = = = == = = = = = == = = = = = = = = = = = = = = = = == = = 
t92 
Data For Run 147 
Mass transfer duration- 3.00 minutes 
Nozzle dameter = 0.635 cm 
Nozzle-Plate spacing= 3.00 
Temperature = 25.30 C 
Vapour pressure = 8.7391 	N/m2 
Diffusion Coefficient= 0.0562 	cm2ls 
Reynolds No= 	1148.8 
Schmidt No 2.74 
Laminar Mass Transfer Results for air/ethyl salicylate system 
== 	 = 	= 
r/d 	N 	Ke(crn/s) Sh 
±4% ±8% 
0.10 t 	0.02 20 7.21 81.52 
0.32 ± 	0.03 19 6.85 77.44 
0.39 t 	0.03 18 6.49 73.36 
0.47 t 	0.03 17 6.13 69.29 
0.55 ± 	0.03 16 5.77 65.21 
0.63 ± 	0.03 15 5.41 61.14 
0.71 0.04 14 5.05 57.06 
0.79 ± 	0.04 13 4.69 52.99 
0.87 ± 	0.04 12 4.33 48.91 
0.94 ± 	0.05 11 3.97 44.83 
1.18 ± 	0.05 10 3.61 40.76 
1.42 ± 	0.06 9 3.25 36.68 
1.57 ± 	0.06 8 2.89 32.61 
1.73 ± 	0.07 7 2.53 28.53 
2.13 ± 	0.08 6 2.16 24.45 
2.52 ± 	0.10 5 1.80 20.38 
3.23 ± 	0.13 4 1.44 16.30 
3.94 ± 	0.17 3 1.08 12.23 
9.45 0.50 1 0.36 4.08 
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Data used in Run 147 
Mass transfer duration= 6.00 minutes 
Nozzle dameter 	= 0.635 cm 
Nozzle-Plate spacing= 3.00 
Temperature 	= 25.30 	C 
Vapour pressure 	8.7391 N/m2 
Diffusion Coefficient 	0.0562 cm2/s 
Reynolds No= 1148.8 
Schmidt No= 	2.74 
Laminar Mass Transfer Results for air/ethyl salicylate system 
rid 	 N k(cm/s) Sh 
t4% ±8% 
1.42 ± 0.03 17 3.07 34.64 
1.57 ± 0.03 16 2.89 32.61 
1.73 t 0.03 15 2.71 30.57 
1.85 ± 0.04 14 2.53 28.53 
1.97 - 0.04 13 2.34 26.49 
1.38 ± 0.04 12 2.16 24.45 
2.36 ± 0.05 11 1.98 22.42 
2.68 ± 0.05 10 1.80 20.38 
2.99 ± 0.06 9 1.62 18.34 
3.31 ± 0.06 8 1.44 16.30 
3.52 ± 0.07 7 1.26 14.27 
3.94 ± 0.08 6 1.08 12.23 
4.72 ± 0.1.0 5 0.90 10.19 
5.91 ± 0.13 4 0.72 8.15 
7.09 0.17 3 0.54 6.11 
= = = = = == == = == = = = = == = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = === = = = = = = = 
t94 
Data used in Run 147 
Mass transfer duration= 12.00 minutes 
Nozzle dameter = 	0.635 cm 
Nozzle-Plate spacing= 3.00 
Temperature = 25.30 	C 
Vapour pressure = 8.7391 	N1m2 
Diffusion Coefficient 0.0562 	cm2ls 
Reynolds No= 	1148.8 
Schmidt No= 2.74 
Laminar Mass Transfer Results for air/ethyl salicvlate system 
rid 	N k(cmis) Ski 
±4% ± 11% 
2.05 ± 	0.02 	25 2.25 25.47 
2.20 ± 	0.02 	23 2.07 23.44 
2.36 ± 	0.02 	21 1.89 21.40 
2.52 ± 	0.03 19 1.71 19.36 
2.68 ± 	0.03 	18 1.62 18.34 
2.83 t 	0.03 17 1.53 17.32 
2.99 ± 	0.03 	16 1.44 16.30 
3.15 ± 	0.03 15 1.35 15.28 
3.31 ± 	0.04 	14 1.26 14.27 
3.46 ± 	0.04 13 1.17 13.25 
3.70 ± 	0.04 	12 1.08 12.23 
3.94 t 	0.05 11 0.99 11.21 
4.25 ± 	0.05 	10 0.90 10.19 
4.57 ± 	0.06 9 0.81 9.17 
4.88 ± 	0.06 	8 0.72 8.15 
5.35 ± 	0.07 7 0.63 7.13 
5.98 ± 	0.08 	6 0.54 6.11 
6.61 ± 	0.10 5 0.45 5.09 
7.56 0.13 	4 0.36 4.08 
8.66 	0.17 3 0.27 3.06 
1i95 
Data used in Run 148 
Mass transfer duration 	1.50 minutes 
Nozzle dameter 	= 0.635 cm 
Nozzle-Plate spacing 3.00 
Temperature 25.50 	C 
Vapour pressure 8.8758 	r4/m2 
Diffusion Coefficient 9.0563 	cm2/s 
Reynolds No= 1148.8 
Schmidt No 2.74 
Laminar Mass Transfer Results for air/ethyl salicvlate system 
r/d N k(cmls) Sh 
±4% ±11% 
0.05 ± 	0.05 10 7.11 80.17 
0.16 ± 	0.06 9 6.40 72.15 
0.55 ± 	0.06 8 5.69 64.14 
0.63 ± 	0.07 7 4.98 56.12 
0.79 ± 	0.08 6 4.26 48.10 
0.94 ± 	0.10 5 3.55 40.09 
1.34 ± 	0.13 4 2.84 32.07 
1.73 t 	0.17 3 2.13 24.05 
3.94 ± 	0.50 1 0.71 8.02 
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Data used in Run 148 
Mass transfer duration 3.00 minutes 
Nozzle dameter 	0.635 cm 
Nozzle-Plate spacing= 3.00 
Temperature 	 25.50 	C 
Vapour pressure 	8.8758 N1m2 
Diffusion Coefficient= 0.0563 cm2ls 
Reynolds No= 1148.8 
Schmidt No 	2.74 
Laminar Mass Transfer Results for air/ethyl salicvlate system 
r/d 	N lc(cmls) Sh 
±4% ±11% 
0.16 ± 0.03 19 6.75 76.16 
0.31 ± 0.03 18 6.40 72.15 
0.47 ± 0.03 17 6.04 68.15 
0.55 ± 0.03 16 5.69 64.14 
0.63 ± 0.03 15 5.33 60.13 
0.71 ± 0.04 14 4.98 56.12 
0.79 ± 0.04 13 4.62 52.11 
0.94 ± 0.04 12 4.26 48.10 
1.10 0.05 11 3.91 44.09 
1.26 ± 0.05 10 3.55 40.09 
1.42 0.06 9 3.20 36.08 
1.65 ± 0.06 8 2.84 32.07 
1.89 ± 0.07 7 2.49 28.06 
2.44 t 0.08 6 2.13 24.05 
2.99 ± 0.10 5 1.78 20.04 
4.72 ± 0.17 3 1.07 12.03 
= = === = = = = = = = == == === = ====== = = = = = = = = == = = = == = = = = == = = = == = = = = = = = 
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Data For Run 149 
Mass transfer duration 6.00 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing= 3.00 
Temperature = 24.65 	C 
Vapour pressure = 	1.8824 	N1m2 
Diffusion Coefficient= 0.0430 cm2is 
Reynolds No= 	1148.8 
Schmidt No= 3.58 
Laminar Mass Transfer Results for air/tetradecane system 
=========== ================================== 
rid 	N 	k(cni/s) Sh 
±4% ±11% 
0.16 	13 	6.15 90.70 
0.31 12 	5.67 83.72 
0.47 	11 5.20 76.75 
0.63 10 	4.73 69.77 
0.79 	9 	4.26 62.79 
0.91 8 	3.78 55.82 
1.02 	7 	3.31 48.84 
1.30 6 	2.84 41.86 
1.57 	5 	2.36 34.89 
1.97 4 1.89 27.91 
2.36 	3 	1.42 20.93 
5.51 1 0.47 6.98 
= = = 
Data used in Run 149 
Mass transfer duration 1100 minutes 
Nozzle diameter = 0.635 cm 
Nozzle-Plate spacing 	3.00 
Temperature = 24.65 	C 
Vapour pressure = 1.8824 N/m2 
Diffusion Coefficient 0.0430 	cm2is 
Reynolds No= 	1148.8 
Schmidt No= 3.58 
Laminar Mass Transfer Results for air/tetradecane system 
==== ================= ======= == 
rid 	N k(cmis) Sh 
t 4% t11°io 
0.94 ± 	0.03 	15 3.55 52.33 
1.02 ± 	0.04 14 3.31 48.84 
1.10 ± 	0.04 	13 3.07 45.35 
1.26 ± 	0.04 	12 2.84 41.86 
1.42 ± 	0.05 	11 2.60 38.37 
1.50 0.05 10 2.36 34.89 
1.57 ± 	0.06 	9 2.13 31.40 
1.89 ± 	0.06 8 1.89 27.91 
2.20 ± 	0.07 	7 1.66 24.42 
2.68 t 	0.08 6 1.42 20.93 
3.15 ± 	0.10 	5 1.18 17.44 
3.94 ± 	0.13 4 0.95 13.95 
4.72 ± 	0.17 	3 0.71 10.47 
7.10 ± 	0.50 1 0.24 3.49 
I" 
Data For Run 172 
Mass transfer duration= 1.50 minutes 
Nozzle dameter 	= 0.635 cm 
Nozzle—Plate spacing 2.0 
Temperature 	= 23.70 ° C 
Vapour pressure 	= 7.7124 N1m2 
Diffusion Coefficient 	0.0556 crn2/s 
Reynolds No= 910 
Schmidt No 	2.76 
Laminar Mass Transfer Results for air/ethyl salicylate system 
= = = == == = == = = = == == = = = == = = === == = = = = = = = = == = = = = = = = = = = = = = = = = = = = = = 
rid 	N k(cm/s) Sh 
±4% 	±11% 
0.00 8 6.50 74.26 
0.24 7 5.69 64.98 
0.39 6 4.88 55.70 
0.63 5 4.07 46.42 
0.95 4 3.25 37.13 
1.26 3 2.44 27.85 
2.20 2 1.63 18.57 
3.15 1 0.81 9.28 
Data used in Run 173 
Mass transfer duration= 1.50 minutes 
Nozzle danieter 	0.635 cm 
Nozzle-Plate spacing= 0.26 
Temperature = 24.05 	C 
Vapour pressure = 7.9270 	N/m2 
Diffusion Coefficient= 0.0558 	cm2/s 
Reynolds No= 	1721.0 
Schmidt No 2.75 
Laminar Mass Transfer Results for air/ethyl salicyfate system 
rid 	 N K(cm/s) Sh 
±4% t8% 
0.31 ± 	0.05 	10 7.92 90.21 
0.63 ± 	0.06 9 7.13 81.19 
0.71 ± 	0.06 	8 6.34 72.17 
0.79 ± 	0.07 7 5.54 63.15 
1.10 ± 	0.08 	6 4.75 54.13 
1.42 ± 	0.10 5 3.96 45.11 
2.20 ± 	0.17 	3 2.38 27.06 
3.15 ± 	0.25 2 1.58 18.04 
3.94 ± 	0.50 	1 0.79 9.02 
201 
Data used in Run 173 
Mass transfer duration 6.00 minutes 
Nozzle darneter = 	0.635 cm 
Nozzle-Plate spacing= 0.26 
Temperature = 24.05 	C 
Vapour pressure = 7.9270 	N/m2 
Diffusion Coefficient 0.0558 	cm2fs 
Reynolds No= 	1721.0 
Schmidt No= 2.75 
Laminar Mass Transfer Results for air/ethyl salicylate system 
rid 	N k(cni/s) Sh 
±4% ±11% 
1.50 t 	0.03 	19 3.76 42.85 
1.61 ± 	0.03 	18 3.56 40.60 
1.73 t 	0.03 	17 3.37 38.34 
1.81 ± 	0.03 16 3.17 36.08 
1.89 ± 	0.03 	15 2.97 33.83 
2.05 ± 	0.04 	14 2.77 31.57 
2.20 t 	0.04 	13 2.57 29.32 
2.36 ± 	0.04 	12 2.38 27.06 
2.52 ± 	0.05 	11 2.18 24.81 
2.83 ± 	0.05 	10 1.98 22.55 
3.15 ± 	0.06 9 1.78 20.30 
3.46 ± 	0.06 	8 1.58 18.04 
3.78 ±: 0.07 7 1.39 15.79 
4.25 ± 	0.08 	6 1.19 13.53 
4.72 t 	0.10 5 0.99 11.28 
5.67 ± 	0.13 	4 0.79 9.02 
6.61 ± 	0.17 3 0.59 6.77 
202 
Data used in Run 265 (Total Internal Reflection) 
Mass transfer duration 3.00 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing= 1.00 
Temperature 	= 25.80 	C 
Vapour pressure 	= 2.1038 	N/m2 
Diffusion Coefficient 	0.0434 	cm2/s 
Reynolds No= 	1250.9 
Schmidt 	No= 3.57 
Laminar Mass Transfer Results for air/tetradecane system 
rid 	 N 	k(cmis) Sh 
±4% ±11% 
0.10 t 	0.04 	12 	5.09 74.37 
0.39 ± 	0.05 	11 	4.66 68.17 
0.79 t 	0.06 9 	3.81 55.78 
1.10 ± 	0.07 	7 	2.97 43.38 
1.57 t 	0.10 5 	2.12 30.99 
2.68 ± 	0.17 	3 	1.27 18.59 
4.72 ± 	0.50 1 	0.42 6.20 
203  
Data used in Run 265 (Total Internal Reflection) 
Mass transfer duration 6.17 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing= 1.00 
Temperature 	25.80 	C 
Vapour pressure 	= 2.1038 N/m2 
Diffusion Coefficient' 	0.0434 cni2is 
Reynolds No= 1250.9 
Schmidt No 	3.57 
Laminar Mass Transfer Results for air/tetradecane system 
= == = = === == === = = = == = = = = = = = = = = = = = = = = = = = = = = 
rid 	N k(cmis) 	Sh 
± 4% ±11% 
0.94 t 0.03 15 3.09 	45.20 
1.26 t 0.04 13 2.68 39.17 
1.57 ± 0.05 	11 	2.27 	.33.15 
1.89 ± 0.06 9 1.85 - 27.12 
2.36 ± 0.07 	7 1.44 	21.09 
3.15 ± 0.10 5 1.03 15.07 
3.94 ± 0.13 	4 0.82 	12.05 
4.72 	0.17 3 0.62 9.04 
= == == == = = = === == = = === = = = == === = = = = = = = = = == = = = = = = = = = = = = = == = == = = = 
2O 
Data used in Run 265 (Total Internal Reflection) 
Mass transfer duration 12.0 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing 1.0 
Temperature 25.80 	C 
Vapour pressure = 2.1038 	N/m2 
Diffusion Coefficient 0.0434 cm2/s 
Reynolds No= 1250.9 
Schmidt No 3.57 
Laminar Mass Transfer Results for air/tetradecane system 
rid 	N k(cmls) Sh 
± 4% ± 11% 
1.57 ± 	0.02 21 2.22 32.54 
1.73 t 	0.03 19 2.01 29.44 
1.89 0.03 17 1.80 26.34 
2.20 ± 	0.03 15 1.59 23.24 
2.52 t 	0.04 13 1.38 20.14 
2.99 ± 	0.05 11 1.17 17.04 
3.46 0.06 9 0.95 13.94 
4.41 ± 	0.07 7 0.74 10.85 
4.72 ± 	0.08 6 0.64 9.30 
5.20 t 	0.10 5 0.53 7.75 
6.30 ± 	0.13 4 0.42 6.20 
7.87 0.17 3 0.32 4.65 
Data used in Run 269 (Total Internal Reflection) 
Mass transfer duration= 12.0 minutes 
Nozzle diameter 	= 0.636 cm 
Nozzle-Plate spacing= 1.0 
Temperature 	= 27.00 	C 
Vapour pressure 	= 2.3604 N/m2 
Diffusion Coefficient 	0.0437 cm2is 
Reynolds No= 1131.6 
Schmidt No= 	3.58 
Laminar Mass Transfer Results for air/tetradecane system 
rid 	N k(cmls) Sh 
±4% ± 11% 
1.73 ± 0.02 21 1.99 	292 
2.05 ± 0.03 19 1.80 26.17 
2.21 ± 0.03 	17 1.61 	23.41 
2.36 ± 0.03 15 1.42 20.66 
3.15 ± 0.04 13 1.23 	17.90 
3.62 ± 0.05 11 	1.04 16.15 
4.22 ± 0.06 	9 0.85 	12.40 
6.04 ± 0.07 7 0.66 9.64 
6.77 t  0.10 	5 0.47 	6.89 
206 
Data For Run 246 
Mass transfer duration 6.00 minutes 
Nozzle dameter = 	0.962 cm 
Nozzle-Plate spacing 	2.00 
Temperature = 22.20 	C 
Vapour pressure 6.8512 N/m2 
Diffusion Coefficient 0.0551 	cm2/s 
Reynolds No= 	1510.2 
Schmidt No 2.77 
Laminar Mass Transfer Results for air/ethyl salicylate system 
rid 	N k(cm/s) 	Sh 
±4% ±11% 
0.01 ± 	0.03 	17 3.87 66.76 
0.53 0.03 18 4.10 70.68 
0.74 t 	0.03 	17 3.87 66.76 
0.95 ± 	0.03 15 3.42 58.90 
1.16 ± 	0.04 	13 2.96 51.05 
1.79 0.05 	11 2.50 43.19 
2.11 ± 	0.06 9 2.05 35.34 
2.32 0.06 	8 1.82 31.41 
2.63 ± 	0.07 7 1.59 27.49 
3.16 ± .0.08 	6 1.37 23.56 
3.68 	0.10 5 1.14 19.63 
4.42 ± 	0.13 	4 0.91 15.71 
5.26 ± 	0.17 3 0.68 11.78 
207 
Data For Run 247: 
Mass transfer duration 	6.00 minutes 
Nozzle dameter = 0.952 cm 
Nozzle-Plate spacing= 2.00 
Temperature 22.70 	C 
Vapour pressure = 	7.1280 	N/m2 
Diffusion Coefficient 0.0553 	cm2/s 
Reynolds No= 	1055.7 
Schmidt 	No 2.76 
Laminar Mass Transfer Results for air/ethyl salicylate system 
== = == = = = == = = = == = = ===== ===== = = = = = = = = = = 	= = = = = = = = = = = = == = = = 
rid 	N k(cm/s) Sh 
'±4% ±11% 
0.01 ± 	0.04 	14 3.07 	52.76 
0.53 t 	0.03 15 3.29 56.53 
0.84 .t 	0.04 	13 2.85 	48.99 
1.05 ± 	0.05 11 2.41 41.45 
1.21 ± 	0.05 	10 2.19 	37.68 
1.53 t 	0.06 9 1.97 33.92 
2.11 ± 	0.07 	7 1.53 	26.38 
2.32 t 	0.08 6 1.32 22.61 
2.63 t 	0.10 	5 1.10 	18.84 
3.16 ± 	0.13 4 0.88 15.07 
3.68 0.17 	3 0.66 	1131 
= 	= = == = = = = = = = = = = = = = = = = = = = = = = == = = = = = 
208. 
Data For Run 248: 
Mass transfer duration 12.00 minutes 
Nozzle dameter = 	0.952 cm 
Nozzle-Plate spacing= 2.00 
Temperature 22.50 	C 
Vapour pressure 7.0161 	N/m2 
Oiffusion Coefficient= 0.0551 	cm2/s 
Reynolds No= 	909.1 
Schmidt No 2.76 
Laminar Mass Transfer Results for air/ethyl salicylate system 
rid 	N k(cmls) Sh 
t4% ± 11%. 
0.05 ± 	0.02 	25 2.89 49.84 
0.53 ± 	0.02 	27 3.00 51.75 
0.68 ± 	0.02 	25 2.78 47.92 
0.79 ± 	0.02 	23 2.56 44.09 
0.84 ± 	0.02 	21 2.34 40.25 
1.05 ± 	0.03 19 2.11 36.42 
1.16 ± 	0.03 	17 1.89 32.59 
1.37 ± 	0.03 	15 1.67 28.75 
1.79 ± 	0.04 13 1.45 24.92 
1.95 ± 	0.04 	12 1.34 23.00 
2.11 S 	0.05 11 1.22 21.08 
2.32 ± 	0.05 	10 1.11 19.17 
2.53 ± 	0.06 9 1.00 17.25 
2.84 ± 	0.06 	8 0.89 15.33 
3.16 ± 	0.07 7 0.78 13.42 
3.68 ± 	0.08 	6 0.67 11.50 
4.21 t 	0.10 5 0.56 9.58 
5.26 ± 	0.13 	4 0.45 7.67 
6.32 ± 	0.17 3 0.33 5.75 
== = = = = = = = = = = = = == = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = ==== = = = = = = = 
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Data For Run 249 
Mass transfer duration 6.00 minutes 
Nozzle diameter 	= 0.952 cm 
Nozzle-Plate spacing 2.00 
Temperature 	= 22.40 	C 
Vapour pressure 	= 7.3311 N1rn2 
Diffusion Coefficient 	0.0575 cm2/s 
Reynolds No= 904.0 
Schmidt No= 	2.66 
Laminar Mass Transfer Results for air/i-methyl naphthalene system 
rid 	 N k(cm/s) Sh 
	
±4% 	til% 
0.53 ± 0.03 15 3.37 55.57 
0.79 t 0.04 13 2.92 48.16 
1.05 t 0.05 11 2.47 40.75 
1.37 ± 0.06 9 2.02 33.34 
1.58 ± 0.06 8 1.80 29.64 
1.89 ± 0.07 7 1.57 25.93 
2.32 t 0.08 6 1.35 22.23 
2.63 ± 0.10 5 1.12 18.52 
3.16 ± 0.13 4 0.90 14.82 
3.68 t 0.17 3 0.67 11.11 
2t0 
Data For Run 138 
Mass transfer duration 6.00 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing 4.0 
Temperature 	= 22.70 °C 
Vapour pressure 	= 1.5559 N/m2 
Velocity of air-jet = 24.73 mis 
Diffusion Coefficient 	0.0425 cm2/s 
Reynolds No= 10301.5 
Schmidt No= 	3.59 
Turbulent Mass Transfer Results for air/tetradecane system 
rid N k(cm/s) Sb 
±4% 	±11% 
0.00 24 13.64 203.92 
0.16 23 13.07 195.42 
0.47 21 11.94 178.43 
0.79 19 10.80 161.43 
1.02 17 9.66 144.44 
1.34 15 8.53 127.45 
1.89 13 7.39 110.45 
2.68 15 8.53 127.45 
3.62 13 739 110.45 
3.94 12 6.82 101.96 
4.41 11 6.25 	93.46 
5.51 9 5.12 76.47 
7.09 7 3.98 	59.48 
.-, 4 , • 
Data For Run 176 
Mass transfer duration 6.00 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing 8.80 
Temperature 	= 23.05 	C 
Vapour pressure 	= 1.6103 N/m2 
Velocity of air-jet = 24.73 mis 
Diffusion Coefficient 	0.0426 cm2ls 
Reynolds No= 10287.0 
Schmidt No 	3.58 
Turbulent Mass Transfer Results for air/tetradecane system 
rid 	N k(cm/s) Sh 
t 4% ±8% 
0.00 21 11.55 172.12 
0.39 19 10.45 155.72 
0.63 17 9.35 139.33 
0.95 15 8.25 122.94 
1.10 13 7.15 106.55 
1.34 12 6.60 98.35 
1.57 11 6.05 90.16 
1.97 10 5.50 81.96 
2.38 9 4.95 73.76 
3.31 8 4.40 65.57 
4.25 7 3.85 57.37 
5.04 6 3.30 49.18 
5.83 5 2.75 40.98 
6.77 4 2.20 32.78 
7.87 3 1.65 24.59 
2 12 
Data For Run 180 
Mass transfer duration 6.00 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing= 5.98 
Temperature 	= 22.95 	C 
Vapour pressure 	= 1.5946 N/m2 
Velocity of air-jet = 24.73 mIs 
Diffusion Coefficient= 0.0426 cm2/s 
Reynolds No= 10281.3 
Schmidt No= 	3.59 
Turbulent Mass Transfer Results for air/tetradecane system 
== == = = = == = = = == == = = = == = ==== = === = == = = = = = === = = = === = == = = = 
rid N k(cm/s) Sh 
*4% +11% 
0.00 26 14.43 215.33 
0.16 25 13.88 207.04 
0.32 23 12.77 190.48 
0.63 21 11.66 173.92 
0.79 19 10.55 157.35 
0.95 17 9.44 140.79 
1.26 15 8.33 124.23 
1.73 13 7.22 107.66 
3.15 11 6.11 91.10 
4.25 9 5.00 74.54 
5.51 7 3.89 57.97 
7.09 5 2.78 41.41 
8.50 4 2.22 33.13 
213 
Data For Run 181 
Mass transfer duration 6.00 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing 10.00 
Temperature 	= 22.60 	C 
Vapour pressure 	= 1.5407 N1m2 
Velocity of air-jet = 24.73 rn/s 
Diffusion Coefficient- 0.0425 crn2/s 
Reynolds No= 10304.2 
Schmidt No= 	3.59 
Turbulent Mass Transfer Results for air/tetradecane system 
rid N k(cm/s) Sh 
+4% +11% 
0.00 22 12.62 188.71 
0.24 21 12.05 180.13 
0.63 19 10.90 162.97 
0.95 17 9.75 145.82 
1.18 15 8.61 128.66 
1.65 13 7.46 111.51 
2.67 11 6.31 94.35 
4.72 9 5.16 77.20 
7.09 7 4.02 60.04 
9.45 5 2.87 42.89 
'4 
Data For Run 183 
Mass transfer duration 6.00 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing 4.0 
Temperature 	= 23.35 °C 
Vapour pressure 	= 1.6584 N1m2 
Velocity of air-jet = 24.73 mis 
Diffusion Coefficient 	0.0427 cm2/s 
Reynolds No= 10244.6 
Schmidt No 	3.59 
Turbulent Mass Transfer Results for air/tetradecafle system 
rid N k(cmis) Sh 
11% 
0.00 24 12.83 190.84 
0.16 23 12.29 	182.89 
0.47 21 1122 166.98 
0.79 19 10.15 	151.08 
0.95 17 9.09 	135.18 
1.18 15 8.02 119.27 
1.89 13 6.95 	103.37 
2.36 15 8.02 119.27 
3.15 13 6.95 103.37 
3.94 11 5.88 	87.47 
4.72 9 4.81 71.56 
5.51 8 4.28 	63.61 
6.30 7 3.74 55.66 
7.87 6 3.21 	47.71 
9.50 5 2.67 39.76 
215. 
Data For Run 187 
Mass transfer duration 3.00 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing 2.0 
Temperature = 23.65 °C 
Vapour pressure = 	1.7077 N1m2 
Velocity of air-jet = 24.73 mis 
Diffusion Coefficient' 0.0428 cm2/s 
Reynolds No= 10258.4 
Schmidt No 3.58 
Turbulent Mass Transfer Results for air/tetradecafle system 
rid 	N k(cmis) Sh J 0 
±4% ±11% 8% 
0.00 	12 12.47 185.16 0.01180 
Q.47 	11 11.43 169.73 0.01081 
0.63 	10 10.39 154.30 0.00983 
0.79 9 9.35 138.87 0.00885 
1.10 	8 8.31 123.44 0.00787 
1.42 7 7.27 108.01 0.00688 
2.05 	8 8.31 123.44 0.00787 
2.68 7 7.27 108.01 0.00688 
3.15 	6 6.23 92.58 0.00590 
3.46 5 5.20 77.15 0.00492 
3.94 	4 4.16 61.72 0.00393 
4.72 3 3.11 46.29 0.00295 
6.30 	2 2.08 30.86 0.00197 
216 
Data For Run 189 
Mass transfer duration 3.00 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing 1.00 
Temperature 	= 24.40 	C 
Vapour pressure 	= 1.8372 N1m2 
Velocity of air-jet = 24.73 mis 
Diffusion Coefficient= 0.0430 cm2is 
Reynolds No= 10215.8 
Schmidt No= 	3.58 
Turbulent Mass Transfer Results for air/tetradecane system 
=========== ==================== 
rid 	N k(cmis) Sh 
t4% +11% 
0.00 	12 11.62 	171.70 
0.47 11 10.65 157.39 
0.79 9 8.71 128.78 
1.10 8 7.75 114.47 
1.73 9 8.71 128.78 
2.68 7 6.78 100.16 
3.07 6 5.81 85.85 
3.48 5 4.84 71.54 
4.09 4 3.87 57.23 
4.72 3 2.90 42.93 
2 t7 
Data Run 214 
Mass transfer duration= 6.00 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing 2.0 
Temperature 	= 21.60 °C 
Vapour pressure 	= 1.3958 N/m2 
Velocity of air-let = 16.58 m/s 
Diffusion Coefficient= 0.0422 cm2/s 
Reynolds No= 6894.3 
Schmidt No= 	3.62 
Turbulent Mass Transfer Results for air/tetradecane system 
==== === == = ==== == == = == = === = = = = = = = == = = = === = = = = = = = = = = = = 
rid N k(cmls) Sh 
j4°k 	±11% 
0.00 	18 11.36 170.89 
0.39 17 10.73 161.40 
0.79 15 9.47 142.41 
1.10 13 8.21 123.42 
126 12 7.57 113.93 
2.05 12 7.57 113.93 
2.36 11 6.94 104.43 
2.76 10 6.31 94.94 
3.15 	9 5.68 	85.44 
3.54 8 5.05 75.95 
3.94 	7 4.42 	66.46 
4.72 6 3.79 56.96 
= = = = = = = = = = = === = = == = = = = = = = = = = = = = = = = = = == = = = = = == = == = = = == = == 
218 
Data For Run 216 
Mass transfer duration 6.00 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing= 2.0 
Temperature 	= 22.60 °C 
Vapour pressure 	= 1.5407 NirnZ 
Velocity of air-jet = 11.84 mis 
Diffusion Coefficient 	0.0425 cm2/s 
Reynolds No= 4895.7 
Schmidt No 	3.62 
Turbulent Mass Transfer Results for air/tetradecafle system 
= = = = === ======= == = = = == = == ======= == == = == = ===== = = = = = = = = = = = = = 
rid N k(cmis) Sh 
±4% ±11% 
0.00 15 8.61 128.66 
0.47 13 7.46 111.51 
0.79 11 6.31 94.35 
1.10 10 5.74 85.78 
1.58 10 5.74 85.78 
2.05 9 5.16 77.20 
2.36 8 4.59 68.62 
2.84 7 4.02 60.04 
3.31 6 3.44 51.47 
3.94 5 2.87 42.89 
5.04 4 2.30 . 	34.31 
6.30 3 1.72 25.73 
8.66 2 1.15 17.16 
219 
Data For Run 223 
Mass transfer duration 3.00 minutes 
Nozzle diameter 	= 0.635 cm 
Nozzle-Plate spacing 2.0 
Temperature 	= 22.10 °C 
Vapour pressure 	= 1.4666 N/m2 
Velocity of air-jet = 32.63 rn/s 
Diffusion Coefficient 	0.0423 cm2/s 
Reynolds No= 13550.8 
Schmidt No 	3.61 
Turbulent Mass Transfer Results for air/tetradecane system 
rid N k(cm/s) Sh 
±4% tll% 
0.00 12 14.46 216.60 
0.63 11 13.24 198.56 
0.79 10 12.04 180.51 
1.10 	9 10.83 	162.46 
1.26 8 9.63 144.41 
1.42 	7 8.43 	126.36 
2.05 8 9.63 144.41 
2.68 	7 8.43 	126.36 
3.15 6 7.22 108.31 
3.46 	5 6.02 	90.25 
4.09 4 7.22 72.20 
4.72 	3 3.61 	54.15 
5.91 2 4.81 72.20 
7.09 	1 1.20 	18.05 
= = = = == = = = = = == ===== == = = = = = = = = = = = = = = == = = = = = = == = = = = = = = 
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Data For Run 226 
Mass transfer duration= 3.00 minutes 
Nozzle diameter 	= 0.950 cm 
Nozzle-Plate spacing= 2.11 
Temperature 	= 20.60 	C 
Vapour pressure 	= 1.2637 N/m2 
Velocity of air-jet = 16.58 rn/s 
Diffusion Coefficient 	0.0419 cm2/s 
Reynolds No= 10397.1 
Schmidt No 	3.61 
Turbulent Mass Transfer Results for air/tetradecane system 
rid 	N k(cmIS) Sh 
+4% +fl% 
0.00 	7 9.73 220.40 
0.53 6 8.34 188.91 
1.05 	5 6.95 	157.43 
2.32 4 5.56 125.94 
3.68 	3 4.17 	94.46 
4.74 2 2.78 62.97 
6.84 	1 	1.39 	31.49 
Data For Run 227 
Mass transfer duration= 6.00 minutes 
Nozzle diameter 	= 0.952 cm 
Nozzle-Plate spacing 2.0 
Temperature 	= 20.65 °C 
Vapour pressure 	= 1.2701 N/m2 
Velocity of air-jet = 16.58 mis 
Diffusion Coefficient 	0.0419 cm2is 
Reynolds No= 10397.1 
Schmidt No= 	3.61 
Turbulent Mass Transfer Results for air/tetradecane system 
= = = = = == === = = == = == == = ==== = = = == = = = == == = = = = = = = = = == = = = = = = = 
rid N k(crn/s) Sh 	jo 
t4°fo ±11% ±8% 
0.00 11 	7.61 	172.34 0.01080 
0.42 12 8.30 188.01 0.01179 
0.79 .11 	7.61 	172.34 0.01080 
1.16 10 6.91 156.67 0.00982 
1.68 11 	7.61 	172.34 0.01080 
2.00 10 6.91 156.67 0.00982 
2.31 	9 6.22 141.00 0.00884 
2.74 8 5.53 125.34 0.00786 
3.15 	7 4.84 109.67 0.00687 
3.68 6 4.15 	94.00 0.00589 
4.00 	5 3.46 78.34 0.00491 
5.26 4 2.77 	62.67 0.00393 
5.79 	3 2.07 47.00 0.00295 
on. 
C. £. S 
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Data For Run 233 
Mass transfer duration= 6.00 minutes 
Nozzle diameter 	= 0.952 cm 
Nozzle-Plate spacing 2.0 
Temperature 	= 21.20 °C 
Vapour pressure 	= 1.3415 N1m2 
Velocity of air-jet = 21.87 rn/s 
Diffusion Coefficient= 0.0421 crr2/s 
Reynolds No= 13692.4 
Schmidt No= 	3.60 
Turbulent Mass Transfer Results for air/tetradecane system 
rid 	N k(cmis) Sh 	Jo 
±4% 	±11% ±8% 
0.00 13 8.53 192.45 	0.00917 
0.53 14 9.18 207.25 0.00987 
0.74 13 8.53 192.45 	0.00917 
1.16 	12 7.87 177.65 0.00846 
1.79 13 8.53 192.45 	0.00917 
2.11 	12 7.87 177.65 0.00846 
2.42 11 7.21 	162.84 	0.00776 
2.74 10 6.56 148.04 0.00705 
3.16 	9 5.90 133.23 	0.00635 
3.68 8 5.25 118.43 0.00564 
4.21 	7 4.59 103.63 	0.00494 
5.26 6 3.94 	88.82 0.00423 
6.32 	5 3.28 74.02 	0.00353 
22 
Data For Run 236 
Mass transfer duration 6.00 minutes 
Nozzle diameter 	= 0.950 cm 
Nozzle-Plate spacing= 6.00 
Temperature 	= 21.50 	C 
Vapour pressure 	= 1.3821 N/m2 
Velocity of air-let = 16.58 mis 
Diffusion Coefficient= 0.0419 cm2/s 
Reynolds No= 10397.1 
Schmidt No 	3.62 
Turbulent Mass Transfer Results for air/tetradecane system 
rid 	N k(cmis) Sh 
#4% + 11% 
0.00 14 8.92 202.34 
0.32 13 8.28 187.89 
0.53 12 7.65 173.44 
0.74 11 7.01 158.98 
0.95 10 6.37 144.53 
1.16 9 5.74 130.08 
1.47 8 5.10 115.62 
1.79 7 4.46 101.17 
2.74 6 3.82 86.72 
3.68 5 3.19 72.26 
4.74 4 2.55 57.81 
5.79 3 1.91 43.36 
2 2 k 
Data For Run 239 
Mass transfer duration= 12.00 minutes 
Nozzle diameter = 0.952 cm 
Nozzle-Plate spacing= 2.0 
Temperature = 21.70 °C 
Vapour pressure = 	1.4097 	N/m2 
Velocity of air-jet = 	7.99 	mis 
Diffusion Coefficient 0.0422 	cm2is 
Reynolds No= 	5005.8 
Schmidt No= 3.59 
Turbulent Mass Transfer Results for air/tetradecane system 
rid 	N 	k(crnis) Sh 
±4% ±11% 
0.00 	18 	5.63 126.61 
0.53 19 	5.94 133.65 
0.84 	17 	5.31 119.58 
1.37 15 	4.69 105.51 
1.47 	13 	4.06 91.44 
1.58 	12 	3.75 84.41 
2.11 12 	3.75 84.41 
2.42 	11 	3.44 77.38 
2.68 	10 	3.13 70.34 
2.95 9 	2.81 63.31 
3.26 	8 	2.50 56.27 
3.68 7 	2.19 49.24 
4.00 	6 	1.88 42.20 
4.42 5 	1.56 35.17 
5.26 	4 125 28.14 
= === == == = = == = == = == = = == = = == == = = = = = = = = === = === = = == = = = = = == = = = = = 
or, 
Data For Run 241 
Mass transfer duration= 10.00 minutes 
Nozzle diameter 	= 0.950 cm 
Nozzle-Plate spacing 1.00 
Temperature 	= 21.60 	C 
Vapour pressure 	= 1.3958 N1m2 
Velocity of air-jet = 16.58 mis 
Diffusion Coefficient 	0.0422 cm21s 
Reynolds No= 10313.7 
Schmidt No 	3.62 
Turbulent Mass Transfer Results for air/tetradecane system 
= = = == = = = = == = = = == = = = = = = = = == = == = = = = = = ==== = = = = = == = = = 
rid 	N k(cm/s) Sh 
+4% +11% 
0.00 21 7.95 	179.05 
0.53 23 8.71 196.10 
0.74 21 7.95 	179.05 
1.05 20 7.57 170.52 
1.37 21 	7.95 	179.05 
1.89 	19 7.20 162.00 
2.21 18 6.82 	153.47 
2.53 17 6.44 144.94 
2:84 15 5.68 	127.89 
3.16 	14 5.30 119.36 
3.37 13 4.92 	110.84 
3.68 12 4.54 102.31 
3.89 	11 4.17 	93.79 
4.21 10 3.79 85.26 
4.74 	9 3.41 	76.73 
5.58 8 3.03 68.21 
6.32 	7 2.65 	59.68 
226 
Data For Run 243 
Mass transfer duration 4.00 minutes 
Nozzle diameter 	= 0.950 cm 
Nozzle-Plate spacing 2.0 
Temperature 	= 20.90 °C 
Vapour pressure 	= 1.3021 NimZ 
Velocity of air-jet 9.88 m/s 
Diffusion Coefficient 	0.0419 cm2/s 
Reynolds No= 6183.7 
Schmidt No 	3.62 
Turbulent Mass Transfer Results for air/tetradecane system 
rid 	N k(cm/s) Sb 
±4% 	±11% 
0.00 	6 6.08 137.75 
0.53 7 7.09 160.71 
1.56 	5 5.06 114.79 
2.00 5 5.06 114.79 
3.16 	3 3.04 	68.88 
4.21 2 2.03 45.92 
= == = = = = = == == = == = = = == = = = = = = = = == == = = = = = = = = = = = = = == = = = = = == = = = = = 
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Data For Run 245 
Mass transfer duration 13.67 minutes 
Nozzle diameter 	= 0.950 cm 
Nozzle-Plate spacing 10.00 
Temperature 	= 22.10 	C 
Vapour pressure 	= 1.4666 N/m2 
Velocity of air-jet = 16.58 rn/s 
Diffusion Coefficient 	0.0423 cm2is 
Reynolds No= 10394.7 
Schmidt No 	3.58 
Turbulent Mass Transfer Results for air/tetradecane system 
rid 	N k(cm/s) Sh 
+4% +11% 
0.00 31 8.19 
0.21 30 7.92 
0.42 29. 7.66 
0.63 27 7.13 
0.95 25 6.60 
1.16 23 6.08 
1:47 21 5.55 
1.68 19 5.02 
2.21 17 4.49 
2.63 16 4.23 
3.16 15 3.96 
3.79 14 3.70 
4.53 13 3.43 
	
5.16 	12 3.17 
5.79 11 2.91 
6.32 10 2.64 
7.37 	9 2.38 


















= = = = == = = === = == = = = = === = = = = = = = = = = = = = = = == = = = = = 
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Data For Run 260 (Total Internal Reflection 
Mass transfer duration 3.00 minutes 
Nozzle diameter 	=0.952 cm 
Nozzle-Plate spacing =2.0 
Temperature =22.30 	°C 
Vapour pressure =1.4958 N/rn 2 
velocity of air-let 	=47.03 mis 
Diffusion coetfcient =0.0423 crn 2/s 
Reynolds No= 29561.8 
Schmidt 	No 	3.57 
Turbulent Mass Transfer Results For Air/TetradeCafle System 
== = = = == === == = == = = === = = == == = = == = = = === = == == = = = = ==== = = = = = == = = 
rid 	N 	k(cm/s Sh 	JD 
.±4% zll% -Z 8% 
0.00 	10 	11.81 265.14 	0.00587 
0.53 11 12.99 291.66 	0.00645 
0.84 	9 	10.63 238.63 	0.00528 
1.26 8 9.45 212.11 	0.00469 
1.58 	9 	10.63 238.63 	0.00528 
2.11 11 12.99 291.66 	0.00645 
2.95 	9 	10.63 238.63 	0.00528 
3.68 7 8.27 185.60 	0.00411 
5.26 	5 	5.90 132.57 	0.00293 
7.37 3 3.54 79.54 	0.00176 
== == ==== ==== = = = == = = == = == === === == = = = = = = = = = = = = = = = = == = = == = = = = 
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Data For Run 262 (Total Internal Reflection) 
Mass Transfer Duration 3.00 minutes 
Nozzle diameter 	= 0.952 cm 
Nozzle-Plate spacing = 6.0 
Temperature 	= 21.20 
vapour pressure 	= 1.3415 N/rn 2 
Velocity of air-jet 
7
47.03 rn/s 
Diffusion coefficient = 0.0423 cm 2is 
Reynolds No.= 29561.8 
Schmidt No.3.57 
Turbulent Mass Transfer Results For Air/Tetradecane System 
== = == = = === = == == == === S = = == = = == = == = = = = = = == = = = = = = == = = = = = = 
rid 	N 	k(cmis) 	Sh 	J 0 
±4% ±11% 
0.00 	11 	14.43 	323.99 	0.00717 
0.53 10 13.12 294.54 0.00652 
0.84 	9 	11.81 	265.08 	0.00587 
1.05 8 10.49 235.63 0.00521 
2.11 	7 	9.18 	206.18 	0.00456 
4.21 5 6.56 147.27 0.00326 
6.32 	3 	3.94 	88.36 	0.00196 
== = = == = = === = S S = = ======== = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
Data For Run 279 (Total Internal Reflection) 
Mass transfer duration 3.00 minutes 
Nozzle diameter 	0.952 cm 
Nozzle-Plate spacing 12.0 
Temperature 	= 24.30 °C 
Vapour pressure 	1.8195 Nim2 
Velocity of air-let = 44.68 rn/s 
Diffusion Coefficients 0.0429 cm2is 
Reynolds No= 27642.7 
Schmidt No= 	3.58 
Turbulent Mass Transfer Results for air/tetradecane system 
r/d N k(cmis) Sit 	jo 
±4% ±11% 18% 
0.00 19 9.26 205.13 	0.00485 
0.53 17 8.29 183.54 0.00434 
0.84 15 7.31 161.95 0.00383 
1.37 13 6.34 140.35 0.00332 
1.73 12 5.85 129.56 0.00306 
2.11 11 5.36 118.76 0.00281 
2.63 10 4.88 107.96 0.00255 
3.16 9 4.39 97.17 0.00230 
3.95 8 3.90 86.37 0.00204 
4.74 7 3.41 75.58 0.00179 
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H. INTERFERENCE BETWEEN TWO UGI-IT-WAVES 
All optical wavefronts are represented by a 5insidal-wave-eqUatiOn 
[71]. Suppose the object wavefront is represented by; 
U 1 = U SIfl (211ft + 
	 (7.1) 
where U1 is the displacement u is the amplitude, f is the frequancy, t is the 
time and • is a phase-factor. The reference wavefront will have the same 
form, but different phase-factor; 
U2 = u sin (21Ift4- +) 
	 (7.2) 
During the exposure step in the hologram-making process, the two waves 
interfer with each other at the holographic -plate. The resulting wave retains the 
original sinusoidal wave-form; 




UT = 2u cos (r$2'2) 
It is UT  that is recorded on the holographic plate during the exposure. As UT 
contains both the original amplitude and a combine form of the phase-factors, 
the recording will have complete physical information of the object When 
developed, the recoding is called a hologram. 
Once a hologram is made, the original 3-0 image is reconstructed, the 
object is illuminated with the object beam, and the object is perturbed, dark 
and bright displacement fringes will begin to appear as a result of destructive 
and constructive interference between the recorded beam and the 
instantaneous object beam; 
when 	= $; u-r = 2u, which is a bright fringe. 
and when ch - $ 2 = II; UT = 0, which is a dark fringe. 
2 fl 
Ill. RELATIONSHIP BETWEEN OPTICAL PATI-1LENGTH CHANGE AND SURFACE 
RECESSION 
tiLl. Front View Method 
The optical path of the expanded object beam for this method is 
shown in Fig. 8.3.1. The object beam is diffusely reflected at the test surface in 
many directions such that the angle of reflection is different from the angle of 
illumination. The optical path length difference due to shrinkage of the polymer 
coating is limited to the transparent coating medium. 
The initial path length is; 
(a 1 c 1 )n 8 	(cd)n + (de)n 5 + (efln + (fg1)n5 - (gibi)na 
The final path length, after surface recession 6, is; 
(a 2d )n a  +(de)n 3 + (efln5 4- (fg2)n + (g 2b 2)n 
where ri and n 5  are refractive indices of air and the swollen polymer 
respectively. 
The optical path length difference, A, is the difference of the above 
expressions. Considering that a 1 c 1 =a 2c2 and g 1 b 1 g 2b 2, A becomes; 
A = (cid)n - (czd)na + (fg 1 )n 5 - (fg2)n3 	
(7.4) 
Now from the geometry: In A c 1 dc 3, we have; 
c 1 d = 6 / cosa3 	 (7.5) 
Similarly in A fg 1 f2 ; 
fg 1 = 6 / cosa4 	 (7.6) 
Now in A c1dc2; 
c2d = ( 6 / cosa3 ) cos(a 1 - a3) 	 (7.7) 
And in A g 1 fg 2 ; 
f92 = ( 6 / cos4 ) cos(a 2 - a4) 	
(7.8) 
Substituting (2), (3), (4) and (5) in (1) gives; 
A = ( 6/cosa3 ) ( n 9 - n 3cos(ct 1 - a3) I 
+ ( 6/cosa ) ( n - nacos(a - a 4) 1 . 	 ( 7.9) 
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Air 1 a1 
	
Air 
















Fig. 8.3.1. Optical path of laser light through the transparent 
swollen polymer coating under—going surface 
recession in Front View Method of optical arrangement. 
Dimensions are exaggerated. 
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a 1 and az can be measured with a protractor and a 3 and a 4 
 are determined 
from Snell's law. 
The appearance of a fringe is due to a change of optical path length 
of NA/2. Equating this with equation(3-I) gives; 
6 = NX I 2C 	
(7.10) 
where C. the geometrical constant is given by; 
C = I n 3 - flaC05(Cf3 I / cos3 + 
I'S - naco 5(a24) ] / cosa4. 	
(7.11) 
N is the fringe order such that N=0,2,4,6,.... correspond to bright fringes 
due to constructive interference and N=1,3,5,7.....correspond to dark fringes due 
to destructive interference. The zero order fringe corresponds to zero surface 
recession. 
Now a= 42 ± 0.5%, CL2= 15 t2% and nal, n
5 1.421 and 1.422 for 
silicone pomlymer swollen with ethyl salicylate and n-tetradecane respectively. 
a3 = sin - ' ( n./n. sin42 I 
= 28.1 
and, 
sin 	( fl"I g sin 15 I 
= 10.5 
Thus from eqClil) the value of the geomerical constant for the Front View 
Method, in which a silicone polymer swollen with any of the present swelling 
agents is used, is found to be; C = 0.94 
This constant is used in eq.(3.8) to calculate experimental values of 
mass transfer coefficients. 
111.11. Total Internal Reflection Method 
In this method the expanded object beam travels through a 
right-angled glass prism medium before entering the swollen polymer coating 
at the prism hypotenuse. As the angle of illumination is above the critical angle 
the ray is reflected internally at the polymer/air interface leaving the prism at 
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Glass Prism flg=150 
















Fig. 8.3.2. Optical path of laser light through the transparent 
swollen polymer coating undergoing surface recession 
in Total Internal Reflection Method of optical 
arrangement. Dimensions of the coating are 
exaggerated. 
the opposite side of the entry side. The critical angle for total internal 
reflection at swollen polymer/air interface is; 
<1critical = sin -1  (flai" hls) 
= sin_ I (1/1.42) 
= 443 	 (7.12) 
The optical path is shown in Fig. 8.3.2. The total path length change, 
A, is; 	(JcJ)ns + 
= [jd i f i )n 3 + ( f 1 g 1 )n 9 ] - [ (d 2e 2)n + (e 2g 2 )n 9 1 	 (7.13) 
From the ray diagram we can deduce that; d 1 e 1 d 1 e 1 ± e 1 f 1 , where d 1 e 1 d 2e2 
and, e 2 g2 e 2f2 + f2g2, where f2g 2 f 1 g 1 So, 
A = (d 2d 1 )n 3 + (e 1 f 1 )n 9 - (e2f 2)n 9 
Now we have; 
d 2d 1 = 'S / cosa 2 
In A f2f 1 e2, sina 1 = e 2f2/e 2f 1 . We also have e 2 fi=2e 3f 1 , e 3 f 1 d 2d 3 and e 1 f 1 d 2d1. 
From A d 2d 1 d 3, tanc=d 2d 3/6. Thus. 
d 2d 1 = e 1 f 1 = 6 / cosa2 
e2f2 = 2 'S tanc 2 sinc 1 
Hence A becomes; 
A 	(2 6/costs 2) [ n 9 - 2 sina 2sinc 1 fl g 1 	 (7.14) 
As A = '4 A / 2, the recession, 6, is then given by; 
6 = NA I 2C 
Where C is the geometrical constant; 
C = 2 / costs2 [ n - sina 1 sina2 n g  1 	 (7.15) 
a45, n g =1.50 and ts2 is calculated from Snell's law; 
= sin 1 [ n 9/n 3 sin45 I 
= 48.3 
Thus the geometrical constant for the Total Reflection Method, in which a 
silicone polymer swollen with any of the present swelling agents, is found to 
be; C = 1.89 
This constant is used in eq.(3.%) to calculate experimental values of 
mass transfer coefficients. 
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IV. SAMPLE CALCULATIONS 
(I) Some Calculations on Constant Rate Period 
Constant rate period was measured by optical fringe production using 
the two independent interférometric techniques; real time holographic 
interferometry and electronic speckle pattern interferometry. 
The constant rate period was determined for ethyl salicylate and 
n-tetradecane using a fully-developed turbulent air jet issuing from the 
contoured nozzle at z/d=10.0 and Re=10,300. 
Constant rate period by R.T.H.I. 	 - 
Run 244 was carried out at 1=21.9 °C using ethyl salicylate. Figure 6.4a 
shows the observed absolute fringe order of the dark fringes produced at the 
stagnation point against time, where initially N0 at t0. The expected fringe 
order, N can be determined from the theory of Chia et al [9], eq.(2.39), which 
is; 
Sh0 = 1.06 R eVZ Sc V3 
Eq.(3.8). from Section 3.3, gives the relationship between fringe order and mass 
transfer coefficient Expressing Sh in terms of k and substituting eq.(3.8) in the 
above equation gives; 
Nit = 1.06 Re 112 Sc 1 "3  (ffd) (p*M1RT) 2C1Xp5 	 (6.1) 
At 1=21.9 °C. 
702 ti/rn2 
5.52 10 6 m2/s 
Also we have, 
C=0.94 
tl=166.17 Kg/KmOl 
p=1131 kg/m3  




Thus Nit is; 
Ndt = 0.1093 
	 (62) 
The expected fringe order at the stagnation point calcaluted from eq.(é.)-) is 
2Y8 
plotted against time in Fig. 6.4*, 
Run 245 was carried out with n-tetradecane at the same z/d and Re 
as with ethyl salicylate. Figure 6.4b shows the observed fringe order with time. 
The expected fringe order is determined from eq.(6.1 ), which for Run 245 is 
reduced to; 
Ndt = 0.0339 	
(6.3) 
Where, 
pr1.47 N/rn 2 
4.23 106 rn2/s 
£4199.4 Kg/Kind 
P,=764.5 Kg/M3  
3c3 .58 
Re10 ,400 
Other constants are the same as those in Run 244. The expected fringe order 
calculated from eq.(6.3  ) at the stagnation point is plotted against time in 
Fig.6.4b. 
Constant rate period by E.S.P.I. 
This technique was used to check the results obtained by holography. 
As E.S.P.l. allows instant elimination of an interferogram, required when fringe 
spacing becomes indistinguishable, and permits instant continuation of the 
same experiment, it was possible to obtain more fringes at longer period which 
is not possible by the holographic technique. 
Figure 6.5 shows the observed absolute fringe order plotted against 
time for ethyl salicylate; Run 250, and n-tetradecane; Run 251, at z/d10.0 and 
Re=10,300. The expected fringe order is given by an equation similar to 
eq.(-1 ), except that here C=4(n 9-1). It is 0.844 and 0.842 for ethyl salicylate 
and n-tetradecane respectively. Thus for ethyl salicylate the expeted fringe 
oreder is given by 
N 0/t = 0.0966 	
(6.4) 
And for n-tetradecane 
N/t = 0.0314 	
(6.5) 
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The expected fringe order obtained from these equations are also plotted in 
Fig. 6.5. 
(II) Calculation of mass transfer coefficient 
In Run 172 (Front View method), for which the experimental data are 
tabulated in Appendix (I), the absolute fringe order, N, at the stagnation point 
for the air/ethyl salicylate system at z/d=2.0, Re=910 and Sc2.76 after t=1.5 
minutes is N=8. At the experimental temperature of 1=23.7 °C, P=7.7124 N/rn 2 
and 0.0556 cm 2/s. Thus from eq.(3.8) mass transfer coefficient at the 
stagnation point may be determined; 
k = (p5A/2C) (RT/P*M) (Nit) 
Where p 3=1131 kg/m 3, X=632.8 iO 	nm, C=0.94, R8314 KJ/Kmol K and 
M=166.17 Kg/Kmol. Hence the stagnation mass transfer coefficient is k6.50 
cm/s. The corresponding Sherwood number is Sh=74.2 . Likewise local mass 
transfer coefficients at other radial positions were determined. 
In Total Internal Reflection method, mass transfer coefficients were 
determined from the same relationship derived for the Front View method. The 
only difference was in the value of the geometrical constant which in the case 
of Total Internal Reflection method C1.89 (Appendix Ill). 
(Ill) Calculation of mass transfer '-factor, In 
Mass transfer j-factor is determined from eq.(1.13); 
in = U Sc213 
For example in Run 227, for which the experimental data are tabulated in 
Appendix (I); 
k0 7.61 cm/s (at the stagnation point) and Sc=3.61. 
Thus, the value of In  at the stagnation point is jn 001080 
Heat transfer I-factors can be determined from eq.(1.12). 
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V. DETERMINATION OF VAPOUR PRESSURE OF SWELLING AGENTS 
Clapeyron's equations were used to determine the vapour pressure Of 
the swelling agents. The constants in the Clapeyron's equations used were 
those determined experimentally by Paterson at al [28], who had employed the 
method of effusion manometry; 
log 10 P = A - B / ( I 












Figure 8.5.1 shows a plot of vapour pressure data, for the swelling 
agents used in the present experimetns given by Paterson at al (281, against 
temperature. 
At 20 C, the vapour pressure of ethyl salicylate, n-tetradecane and 
1-methyl naphthalene given by the above equation of Paterson at a! (281 are 
5.746, 1.190 and 6.144 N/rn 2 respectively. 
According to standard correlation reported by King and Al-Najjar [851 
to determine vapour pressure of n-alkanes at temperatures below the normal 
boiling points, the vapour pressure of n-tetradecane at 20 1C was evaluated by 
the present author to be 1.190 N/1I 2 , which is in agreement with the value 
given by Paterson's equation to within 0.1%. Similar agreement is found at 
higher temperatures at which some of our experiments were carried out. 
Macknick and Prausnits [861 have reported constants for Clapeyron's 
equation to estimate vapour pressure of various substances including 1-methyl 
naphthalene; 
In P (mm Hg) = 20.552 + (-6933.2)/I (K) 
At 20 6C, the estimated vapour pressure of 1-methyl naphthalene according to 
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the above equation is 6.01 N/rn 2 , which is in agreement with the value of 
Paterson at al to within 2%. 
As for ethyl salicylate, as far as the present author is aware, there is 
no reported vapour pressure data in the literature except those published by 
Kapur and Macleod [27] and Paterson at al (281, which differ by about 25%. 
- The vapour pressure data of Paterson at al for n-tetradecane and 
1-methyl naphthalene agree very well, at least in the range of temperatures of 
interest to us near the ambient conditions, with those of King and Al-Najjar [851 
and Macknick and Prausnitz [861 given aboviIt can be concluded that the 
vapour pressure data of Paterson at al for ethyl salicylate are accurate and 
- reliable, and those of Kapur and Macleod 1271 are not 
* Moreover. Paterson at al used thesetwo substances, together with 
ethyl salicylate, in convective mass transfer.  experiments. The 
transfer coefficients obtained for all three fitted the same standard 
j-factor, 4 correlation when 'Paterson et al's vapour pressure data 
were used in the calculations; the coefficient for ethyl salicylate did 











































Pig. 8.5.1 Variation of vapour pressure with temperature obtained from 
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VI. DETERMINATION OF DIFFUSION COEFFICIENTS 
Lennard-Jones intermolecular potential-energy-distance relationship 
[871 based on the kinetic theory of gases was used to compute diffusion 
coefficients for binary gas mixtures (air/ethyl salicvlate, air/1 -methyl 
naphthalene and air/n-tetradecane systems) under the atmospheric conditions; 
0= 0.001858 13/2  [P1 a2  Q1-1 ((Ma + Ms) / (Ma Ms)] 05 
where, a diffusion coefficient is in cm 2/s; P 1, total pressure in atmospheres 
and T; temperature, is in degrees Kelvin; and M, is the molecular weight of air 
(a) or swelling agent (s) in kg/mol. 
2, dimensionless collision integral, is given by; 
2 = A / TR8  + C / e0TR  + E / erR + 0 / eHTR 
A,B,C,D,E.F,0 and H are diffusion collision integral constants the values of which 
are as follows; 
	
A = 1.06036 	E = 1.03587 
B = 0.15610 F 	1.52996 
C 0.19300 	0 = 1.76474 
D = 0.47635 H 3.89411 
TR is the reduced temperature given by; 
where I is temperature and Tr  is energy constant; both in Kelvin. The value of 
Tr for the mixture Is determined from; 
Tr = ( Ira  Tr, )05 
For air Ira = 78.6 (871, and for the swelling agent it is obtained from 
Tr3 	1.21 (Tb + 273.15 
where Tb  is the noraml boiling point of swelling agent. 
	a is the 
potential-length in angstrom obtained from Le Bas atomic volume [871 for all 
the three swelling agents; 
a 3 = 1.18 NO 
1/3 
where Vb is the atomic volume in cm 3/gmol. given in Appendix [VIII. 
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For air a8 = 3.711 [87] angstrom. Thus, 
a = 0.5 (a + a 5  ) 
According to Reid at al [871 uncertainties in the theoretical estimates 
of diffusion coefficients can be ±5-10%. Since Q is relatively insensitive to 
variations in TR uncertainties in T1'R  are not necessarily serious, a, however, is 
squared in the Lennard-Jones relationship, which means that uncertainties in 
estimating values of potential-length for air and swelling agents can lead to 
appreciable uncertainties in B In order to minimise uncertainties in the 
determination Of 0 for air and the three swelling agents used in the present 
experiments, a values for each system is determined from the same source. 
For example for air/n-tetradecane system 0 at 21.0 °C is determined 
as follows; 
Vb=3 1 8.2  cm 3lgmol (Appendix VII], so a 9=8.056 and a=5.884. 
Tb=252 .5 °C (Appendix VIII, so 1r 9 =636.04. 1rr1223.59 and, then, TR1.3 15 . 
The value of dimensionless collision integral is calculated to be Q1.268. 
Hence, diffusion coefficient of n-tetradecane into air at atmospheric pressure of 
P1=1.0 atmosphere at 21.0 °C, using the values of molecular weight for air and 
ntetradecane given in Appendix(VlI), is 0=0.0420 cm 2/s. 
Likewise diffusion coefficients of n-tetradecane at other temperatures 
near ambient conditions can be determined. Table (8.6.1) gives calculated 
values of diffusion coefficients for the three swelling agents used in the 
present experiments, in the temperature range 1=15-30 °C. 
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Table (8.6.1) Air-Swelling agent system; 
C 
AlE 	 NM 	 "Ni --------------  = == = = = = = = = = = = = == 
15.0 0.05251 0.05478 0.04038 
16.0 0.05286 0.05515 0.04066 
17.0 0.05322 0.05552 0.04093 
18.0 0.05357 0.05589 0.04120 
19.0 0.05393 0.05 .627 0.04148 
20.0 0.05429 0.05664 0.04175 
21.0 0.05465 0.05701 0.04203 
22.0 0.05501 0.05739 0.04231 
23.0 0.05537 0.05777 .. 	0.04259 
24.0 0.05573 0.05815 0.04286 
25.0 0.05609 0.05852 o, . 04314 
26.0 0.05646 0.05891 0.04342 
27.0 0.05682 0.05929 0.04371 
28.0 0.05719 0.05967 0.04399 
29.0 0.05755 0.06005 0.04427 
30.0 0.05792 0.06044 0.04455 
Din crn 2/s 
filE : Air/Ethyl salicylate System 
AM : Air/1-Methyl naphthalene System 
AlT : Air/N-tetradecane System 
VII. PHYSICAL PROPERTY DATA 
component Tb °C M (kg/rnol) ; (kg/m 3 ) Vb cm
3/gmol 
Ethyl Salicylate 231.5 166.17 1131 184.6 
n-Tetradecane 252.5 198.4 764.5 318.2 
1-Methyl Naphthalene 244.6 142.19 1020.2 169.8 
Values of l. M and p, are obtained from ref. [88], execpt the density of 
1-methyl naphthelene, which is obtained from (891. 
Viscosity of air at 21 ° C,u =1.81x10 5  kg/m.s [89]. 
Density of air at 21 °C, p1.20 kg/rn 3 [891. 
Molecular weight of air, M a 28.8  kg/kmol (89]. 
Density of swollen polymer, p=1.02x10 3 kg/m' (28]. 
Wavelength of laser light X=632.8x10 9 rn [691. 
Universal gas constant. R=8.314 kJ/kmol.K [891 
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VIII. ERROR ANALYSIS 
The sources of experimental errors can be divided into two categories; 
systematic errors and random errors. 
Systemtic Errors 
The most important systematic error in the present experimental work 
was that of the vapour pressure calculations, which effect directly the mass 
transfer coefficient calculations. The error in the measurement of temperature, 
1, was ±01 °C giving an errorbound of about 1% to the value of the vapour 
pressure obtained from Clapeyron's equations given by Paterson et al 1281. The 
Claypeyron's equations were themselves subject to an error of about 2%. Thus 
the overall errorbound of vapour pressure values in the present work was 
about 2.2 %. 
The systemaic error of ±0.01 s in the measurement of time, t, was 
negligible. There was also systematic errors in the measurement of air - let flow 
rates to obtain specific values of Reynolds numbers at which an experiment 
was planned. In the laminar flow range the error range was 2 to 8 % and in the 
turbulent flow range it was 1 to 7 %. 
The measurement of the geometrical constant for the optical 
arrangement used, was also subject to systematic errors as it involved 
measurement of beam angles by a toolmakers protractor. The maximum error 
was found to be 2%. 
Random Errors 
There were two main sources of random errors; one was due to 
measurement of fringe diametres or location of fringes from the central 
stagnation point, and the other was due to fringe-woozing. The latter resulted 
in uncertainty in the value of fringe order, which was minimised in the course 
of the project by introducing the appropriate modification to the optical 
arrangement as discussed in the previous chapters. The error in the 
measurement of fringe diarnetre was greatest, about ±0.5 cm, for the first dark 
fringe (N1) and the second bright fringe (N=2). For N3 to 5 the error was 
about 0.2 to 0.3 cm and for the subsequent fringes it was about ±0.1 or less. 
As the ratio of fringe spacing to the laser speckle size approached unity, 
random errors approached zero. In the total internal reflection method there 
was an uncertainty of 10-20% in the order of the fringe lying at or in the 
vicinity of the stagnation point due to the effect of specular reflection. 
Error in Calculation of Mass Trasnfer Coefficient, k 
Mass transfer coefficients were calculated using eq.(3.8). The 
geomterical constant, C, was determined from eq.(7.1 1) for the front view 
method and eq.(7.15) for the total internal reflection method. In both cases the 
error on 'C' was less than 1%. Assuming an error of 2% for the physical 
properties of the swelling agent used, except the vapour pressure, the total 
systematic error in the calculation of mass transfer coefficient was found to be 
±4 %. 
Error in Calculation of Sherwood Number, Sh 
Sherwood number was determined from eq.(1.7) given in Section 1.4.1. 
Error in the measurement of nozzle diametre was less than 1%. The error on 
the calculated value of diffusion coefficient of the swelling agent used into air 
may be underestimated by as high as 10 % as suggested by Reid t86]. Thus 
the total systematic error in the calculation of Sherwood number was  
Error in Calculation of Reynolds number, Re 
In laminar and turbulent jet flows the systematic error, on average, in 
the values of Reynolds numbers were found to be 6 and 5 % respectively. 
Errors in Calculation of Sh Re - 
 117 SC - 113 and Sh Re
-3/4  Sc' 1 "3 
Systematic errors in the calulation of the above quantities for either 
laminar or turbulent jet flows was found to be about ±12 %. 
Error in Calculation of I-factors 
Systematic error in the calculation of mass transfer j-factors 
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determined from eq.(1.13) was found to be about ±8 %. 
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NOMENCLATURE 
a, dimensionless velocity profile gradient 
slot nozzle width, m 
velocity profile constant, s 
C, geometrical constant of the optical arrangement. 
C swelling agent concentration at the coating surface, kmolim 3 . 
Cb 	in the fluid stream, kmolim 3 . 
Q diffusion coefficient for the swelling agent/air system, m 2is. 
0, diffusion coefficient within the swollen polymer coating, m 2/s. 
dr  inside diameter of the nozzle at the exit m. 
de, equivalent nozzle diameter, rn. 
F, exterior flux of momentum flux, eq.(2.7) 
h, local heat transfer coefficient, Wim 2 s. 
lt, local axial turbulence intensity at y1. 
j, mass flux of the swelling agent from the coating surface into air, kg/m 2s. 
k conductivity of air, Wims. 
Ic, local mass transfer coefficient. mis. 
K. largest value of mass transfer coefficient measurable for a given swelling 
agent/polymer system for a conveniently measurable experimental duration. 
cm/s.  
M, molecular weight of the swelling agent kg/kmol. 
n, number of moles of the swelling agent in the gas mixture. 
n a, refractive index of air. 
swollen polymer. 
glass prism. 
N. observed absolute fringe order. 
N expected absolute fringe order. 
P. partial pressure of the swelling agent, Nim2. 
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pk 
vapour pressure of the swelling agent, N/rn 2 
experimental fluid flow rate, m 3/s 
r, radial distance from the point of impingement, ni. 
r135, free jet half radius at y i, m. 
radius of nozzle or let at nozzle exit m 
R, Universal gas constant, kJ/krnol K 
S. dimensionless shape factor. 
t, mass transfer duration, s 
t, Constant Rate Period, s. 
T, ambient temperature, °C 
Tb, boiling point temperature, °C. 
u, velocity component in y-direction, m/; or  
u', absolute magnitude of velocity fluctuation. ma . 
U. mean velocity at the nozzle exit rn/s. 
U 1 and U 3, velocity coefficients 
UM, maximum velocity in axial direction, rn/s. 
v, velocity component in x-direction, rn/s, oc 
V. free stream velocity in radial direction, rn/s. 
Vs, collision velocity at the stagnation poiont, rn/s. 
V0 , time-averaged centerline velocity at nozzle exit rn/s. 
V,,, volume of the gas mixture at the coating surface containing U n" moles of 
the evaporated tetradecane. rn 3 
Tu, turbulence intensity (%). Tu(u'/U M )lOO. 
z, nozzle to plate distance, rn 
Vi, distance above the surface where the impingement begins, m. 
bi, ve66'k1 c4tvoAt1X U &-ectko& 
Greek Letters 
, ratio of mean to centerline velocities, UfV Om . 
d, swollen polymer surface recession, m. 
6b' boundary layer thickness 
9., c4nyice Jt-ci\bA .A c..iLJtrkc l COoCCAIAO..bs 
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dthermoplaticlayer thickness, m 
y, turbulence correction factor at y. 
A, optical path length change, m. 
Volume fraction of swelling agent in coating swollen to equilibrium. 
A, wavelength of laser light, m. 
ji, viscosity of the experimental fluid (air) at T , kg/m.s 
P, density of the experimental fluid (air), kg/m
3 
 
p r,, density of the swollen coating, kg/m 3 . 
PS, density of swelling agent, kg/m 3 . 
V, kinematic viscosity of experimental fluid (air) at 1. m 2/s. 
Dimensionless Groups 
Scq.L/pQ Schmidt Number 
Sh=kde/Q Sherwood Number 
Sh 3 k8/D 
Pr=kpC, Prandtl Number 
Nuhde/k Nusselt Number 
Re=4pQJfldp, Reynolds Number at the nozzle exit 
subscripts 
IF, Turbulence-free 
o. Stagnation point 
b. Boiling point 
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